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1 | | SECTION 1
INTRODUCT ION

Currently the weapon environment codes ROSCOE and WEPH include a

model for the dust that is entrained by a near-surface nuclear fireball,

which was developed originally for the RANC code. Since the develop-
ment of the original model, additional theory and new experimental data
from high explosive (HE) nuclear simulation test events have become
available on dust. This report presents new and improved models for dust
and propagation effects developed from the new information for the WEPH

. code. Although developed for the WEPH code, these models are applicable
to other engineering codes modeling the elfects of dust on radar and

communications systems.

D We begin by discussing possible areas for new and improved dust

models. We then choose a number of these areas for detailed development

in this report.

F The Mie theory is used to calculate the extinction and backscatter
coefficients for the dust particles. The Mie theory gives the exact
solutions for the scattering and absorption of an electromagnetic wave

incident on a uniform spherical particle. The solutions are given as

infinite series of complex terms. The current Mie program in the systems

codes uses a simple forward recursion scheme to calculate the successive

Mie terms, which are summed until convergence is reached. However, in

4

e gr——

some cases the forward recursion technique is not stable. For example,
when the incident radiation wavelength is small compared to the dust

particle size, a large number of terms are required in the Mie series,

—— T

and the forward recursion scheme can lose accuracy at the higher terms.
For the largest dust particle now modeled—10 cm—the current Mie routine

should be stable up to about 10 to 20 GHz. In the past most radar and
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communications frequencies wére lower than this, but some current sys-

tems of interest have frequencies well above this range.

For the WOE code, a different Mie technique was developed that is
stable and avoids all errors inherent in the forward recursion tech-
= nique., The method uses a stable backward recursion algorithm and uses
a continued fraction scheme to accurately cvaluate the starting high-
f order term. This technique is valid for all orders and can thus be used
3 ! for any frequency and any particle size. The current Mie routine can
be replaced by the new improved routine. The new routine is compact;

the computer running time is only slightly longer than the old routine,

but does require about 300 to 400 cxtra storage locations.
) The WEPH code calculates only the attenuation of radiation passing
. through a dust region. Radar codes such as RANC and ROSCOE also cal-
culate the backscatter, ie, clutter, due to the dust regions. The cur-
rent model formulation for the clutter power due to scattering from a
dust region is the following :
PAZFI G (8,0)G,(0,0) _
c = g, N..., sin ¢ dR d6 d¢
.2 2 BTV
2 CLYRI N P 4mR
L
‘ where
% = peak transmitter power (watts)
FI = pulse compression ratio, or pulse integration improve-
ment factor
R = range to the scattering region (m)
9,9 = angular coordinates with respect to the radar
pointing direction (rad)
! GT(O,¢) = transmitter antenna gain function (including system
. loss factors)
GR(9,¢) = receiver antenna gain function (including system loss
factors)
\ . . . -3
‘ Nprp = volumetric number density of dust particles (m ")
; - . 2 3
| g = average backscatter cross section per dust particle (m7). 1




This current backscatter formulation implicitly assumes that the optical

i

thickness of the dust c¢loud is very thin, the total onc-way attenuation
being less than about 1 to 2 dB. For typical fireball dust clouds and
radar frequencies, the optical thinness assumption is valid. But the
dust attenuation rapidly increases as the frequency increases, and, for
some high-frequency radars, the dust clouds may no longer be optically

thin. The tull formulation for a region of any optical thickness is

- PAF Gp.(8, ¢)G (6,9 2t ,
] C 3 OBNTV e sin ¢ dR d% dg
(4m)
¢ 6 R

h.
4 whefo

T = optical depth at range R (due to all sources of attenuation).

If only the dust particles contribute to the attenuation, then
R

= '
OENTVdR s

—
il

where

- ‘ . . . . 2

O = average extinction cross section per dust particle (m )
=0

The additional term e ~' in the clutter power equation accounts for the

, two-way attenuation of the radar beam to and from the scattering volume.

Although the extended formulation accounts for finite optical thick-
nesses, it is still a single scatter solution (as is the current back-
scatter calculation). The contributions due to radiation that is multiple

scattered are ignored. If the extinction is due almost entirely to

scattexing (little or no absorption), then for an optically thick region
the backscatter due to the multiple scattered radiation can easily dominate
the single scattered radiation. To first order, multiple scattering can be
accounted for by adding a build-up factor, BU(6,¢), to the single scatter
b integration (see, for example, Reference 1)}. BU(6,¢) depends upon the
optical thickness of the dust cloud in the direction corresponding to

angular coordinates 6,¢, and upon the dust particle size distribution.




| . . -2 :
It would be ua relatively easy task to include the ¢ attenuation

'
L

term in the backscatter formulation., It would require considerably

more etfort to include the multiple scatter build-up fector, BU(“,:).

‘The current dust model assumes that the size distribution of the
dust particles can be described by a power law probuability distribution
with a power exponent of 4. Four is a typical vulue for dust particles
from loose unconsolidated soils such as desert alluvium. lust gencrated
; from a nuclear cratering cxplosion in rock and cohesive soils huas a power

exponent of about 3.5. Very fine soils may have a value necar 5.

- Another very common size distribution is the log-normal distribu-

tion. This distribution is often used tor small particles and for con-

densates such as recondensed weapon debris and water droplets.  Since the ]
atmospheric nuclear test ban, a number of high explosive (Hb) surfuce
or shallow buried devices have been detonated to simulate nuclear ex-
plosions. Analysis of the dust particle size statistics from a number
ot these HE cvents and from previous nuclear test events indicates that
the smaller dust particles follow a log-normal distribution, wihile the

larger particles tollow a power law distribution. A hvbrid size dis-

YN

tribution van be defined which consists ot a log-normal joined to a power

law distribution.

The complex index of refraction determines the scattering and absorp-

tion propertics of a dust particle. The present dust model allows for

three different soil types (wet clav, dry sand, and soil with an ice
coating). A\ built-in table gives the refraction index tor ecach soil
typc. These indices are taken as constants, independent of the incident
radiation frequency. For optically thin dust regions and svstem fre-
quencies less than about 10 GHz, 2 constant index of refraction is a
reasonable appreximation. For thick regions or higher frequencies,

the frequency dependence of the index of refraction becomes important.

The present model can be extended to include the frequency dependence.

The current dust model considers only the dust entrained in the fire-

ball cloud. In addition to the fireball cloud, there are twe other




regions that contain dust—the stem and pedestal regions. The stem is
the column of dust reaching from the ground up towuard the main cloud

(the "stem" of the mushroom cloud). The pedestal is that rclatively low
lying dusty region extending outward along the surface from ground zero.
The pedestal is formed by a combination of the thermal pulse from the
fireball and the outrunning shock wave. There are photographic data from
nuclear test events on the growth histories of the stem and pedestal re-
gions. In addition there have been many theoretical investigations of
both regions. There is now sufficient information available for the

development of a dust model for these two subsidiary dust regions.

Consider a radiation ray path through a dust region. 1If the dust is
distributed nonuniformly in the region, then the attenuation and back-
scatter effects will be accompanicd by fluctuations about the mean values,
ie, scintillations. For instance, at 10 GHz in the UHF/SHF transmission
experiment on the dust cloud from the DICE THROW HE explosion, fluctua-
tions of *8 dB about the mezn attenuation of 20 dB were observed at early
times. There were corresponding fluctuations in the phase. The DICE

THROW cloud was highly turbulent during these observed fluctuations.

There has been a large theoretical effort devoted to the transport of
radiation through regions of randomly varying dielectric constant. This
corresponds to transport through turbulent air. In the field of nuclear
effects, transport through striated plasma regions has been studied and
modeled. However, transport through a turbulent dust region is signif-
icantly more complicated. Very little theoreticual work exists on the
distribution of dust in a turbulent region. Dust particles both absorb
and scatter the incident radiation; the scattering is typically wide-

angle scattering.

The level of effort required to develop dust scintillation models is
not known, but may be considerable. A thcorctical investigation would re-
quire the mass loading and sizes of the dust inhomogenities, and their

number, location, and velocity probability distributions. All thesc

paramcters must be known as a function of time. Then the transport




through a random wide angle scattering region has to be calculated.
Rather than carrying out a full theoretical study, it may be possible to
develop crude first-order models based on experimental data and simplified

= transport physics.

In this report we choose the following four areas for detailed de-

velopment:

Mie scattering theory
e Size distributions of dust particles
' e Complex index of refraction of dust particles

e Dust models for the stem and pedestal regions.

14 The backscatter and scintillation areas are not discussed further in this

report.
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SECTION 2
- MIE SCATTERING THEORY

The Mie theory gives the exact solutions for the scattering and ab-
! sorption of an eclectromagnetic wave incident on a uniform spherical
particle. The solutions are given as infinite series of complex terms.
Many techniques have been developed to numerically evaluate the Mie equa-
tions. The simplest technique is to use a forward recursion scheme to .
E evaluate the successive terms. This is the technique used in the present
- WEPH code. llowever, in some cases the forward recursion technique is
not stable. To avoid the instability of the forward recursion tech-
nique, many backward recursion schemes have been developed. For the WOE
code, Reference 1, a new backward recursion Mie code was developed. This
Mic code 1s stable, accurate at all orders, and can be used for any fre-

quency and particle size. The following description of the new Mie cal-

culation is largely taken from the WOE code documentation, Reference 1.

Appendix A is a listing of the new Mie computer routines.

We first present the formulas for the Mie solution (see any standard
text for a derivation) and then the method used to solve the cquations.

Define the following quantities:
a = diameter of the spherical particle (cm)

A = wavelength of the incident radiation (m)

_2.7_[3
A

. . . -2
= dimensionless size parameter (the factor 10 ~ converts

a = 10

a from cm to m)

m=m, - im
R i

complex index of refraction of the sphere (note that here

#

11
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k!
i
j we are using m instead of n, since by custom n is used as ‘
the order in the Mie formulas) '1
: Y = ma
5
Ogcp = scattering cross section of the sphere (m%)
5
OABS = absorption cross section of the sphere (m”)
OBKq = backscatter cross section of the spherc (mz) 3
. o
| QSCA - 104 SCA2
! m(a/2)
3
= scattering efficiency (ratio of scattering cross section to
- physical cross section) of the sphere. The factor 104 converts
the sphere area in cm2 to m2.
: 4 9aBS
- Qps = 10—
_ m(a/2)
4 = absorption efficiency of the sphere
QEXT = QABS + QSCA = extinction efficiency
o
N BKS
QBKS = 10 2 H
n(a/2) i

= backscatter efficiency ;

S(0) = scattering function Un2 sr_l). S(t) dii is the fraction of the
incident unpolarized energy per unit area that is scattered
into solid angle d? centered about the direction that makes
an angle 6 with the direction of the incident radiation
(6 is the scattering angle). Note that Opks = 4ms(m).

Currently the WEPH code only uses the extinction parameters (to

calculate total attenuation). We include the scattering and absorp-
tion parameters and the scattering function in our present discussion
of the Mie solutions for completeness, and to allow for usec in other

DNA enginecering codes.
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The equations for the Mie solution are:

2 5 2 2
Qea = 3 Z (2n + 1) [la,,l + Ib,| ] (1)
a n=1
2 - -]
Uxr = 2 g;l (2n + 1) Re (a, + b)) (2)
(where Re signifies the real part of) }
Qs = Uxr " Yea (3) :
[ Qs = 5 | f M+ HEDY @ - b y)? (4)
a”  m=l < n n
2 !
% s© = 3 (&) {Is,@1%« Is,@17) (5)
1
where ‘
aW;(Y)Wn(a) - YWn(a)Wn(Y)
h T a¥ T (Y)E (@) - YE (¥ (V) (6)
| YYI(V)Y (@) - a¥ (@)Y (Y) - |
X ®n T YL @) - b, @7_(1) 1
. |
sl(e) = Ega ETE_;—TT. {annn(cos 6) + bnTn(cos 6)} (8) i
- o 3
3 2 1
2 52(6) = gga ETE—;—TT-{bnnn(cos 6) + anTn(cos 6)} (9}
and
1/2
- (=
\yn(z) B (2 ) Jn+l/’2(z) (“))
‘ _[mz 1/2 -1 g
’ tn(2) = (7 [Jn+l/2(z) ML -n-l/Z(z)] (11)

" 13




Pn(cos 0) (12)

=
—
.
C
v
<
o
[

—
(o]
@)
P

-

i

S 2 d
cos b Hn(LOh ) - sin”0 a—f—f—ﬁ-ﬂn(cos 0) . (13)

cos
The J's ure spherical Bessel functions of complex argument and half-
integer order. ‘the P'ﬁ are Legendre polynomials. VY and ¢ are Riccati-
Bessel functions, and @ and 1 are associated Legendre polynomials. De-
fine an arbitrarily oriented plane containing the scattering sphere and
the incident radiation. Then for scattered radiation within the plane,
the complex amplitude function S;(6) describes the scattering for an in-
cident plane wave with vertical polarization (E perpendicular to the
scattering plane; S>(8) is for horizontal polarization (E parallel to

the scattering plane).

As might be expected trom the complexity of the Mie equations, the
numerical evaluation of QSCA’ QEXT’ and S$(¢) for a given m and o is not,
in general, a trivial task. The terms in the infinite series have to
be evaluated and summed. The number of terms that have to be cvaluated
before the series converge depends primarily upon the size parameter «.
Roughly, the number of Mie terms required is 1.50; for large particles
and small wavelengths, scveral hundred terms are often required before

convergence.

The evaluation of the various orders of &n, ﬂn, and Tn are straight-
forward. We can use the well known recurrence relations of Bessel func-
tions and Legendre polynomials to obtain

2n - 1

E,n(().) = T_ &n_l(u) - g)n_z(c’-) 3 (14)

with initial values

En(u) = sin w + i cos q (15)
g_l(a) = ¢cos o - 1 sin « (16)
m_(cos 6) = 2n - 1 cos 6 7 (cos 6) - g (cos 0) (17)
n 1 : n-1 n-1 "n-2

14




Tn(COS 0) = cos OBn(cos 0) - nn_z(cos 6)]
s .2 :
- (2n-1) sin"0 ﬂn_l(cos 0) + 1n_2(COb 6)

The initial values are
no(cos v) =0
TO(COS 6) 0
nl(cos v) 1
Il(cos v) cos @
ﬂz(COS 0) 3 cos v
Tz(cos U) 3 cos (20)

With the initial values, we can usc the forward recurrence relations to
generate the required terms to any order. The forward recursion tech-

nique for these three functions is stable and accurate.

To complete our numerical evaluation, we define the complex function

(19)

(mAn(Y) . %)Re{én(a)} - Re{gn_l(a)}

(mAn(Y) R %)é’,n(a) - & (@)

n-1

The primary difficulty in the evaluation of the Mie formulas lies in

the evaluation of An(Y). Using the properties of the Besscl functions,




we can write An(Y) as

J (Y
. n n—l/Z( ) "
ALO) = - § ¢ T (22)
n+1/2
Thus, if we can evaluatc the Bessel functions, say by forward recursion,
An(Y), can be evaluated. Alternately, we can use the recurrence rela-
tions for the ratios of the Bessel functions and write the recursion

equation for An(Y) itself as

y) = - 1
A = -5

AOY) = =+ - (24)

The forward recursion technique for the evaluation of An(Y) is very

susceptible to error in at least four cases (Reference 2):

E e When the argument is small

e When the argument is large, requiring a large number
of orders
e When the imaginary value is larger than the real value

e For certain anomalous values.

The use of forward recursions to genecrate the consecutive orders of

Bessel functions is a classic example of unstable numerical methods.

The current WEPH Mie calculation uses an asymptotic analytic formula
whenever the argument is small and thus avoids the first error case; the

others still remain, however.

Many other techniques have been devised to gencrate the required
Bessel functions or ratios. Most techniques involve some type of back-
ward recursion. The values of the Bessel functions or the ratios are
evaluated at a high order, and the backward recursion relation is used

to evaluate the lower orders. The backward recursion does not suffer

16
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trom the instability of the forward method. However, care must be taken

to preserve accurdcy; some techniques lose accuracy even when using

double precision arithmetic. Recently Lentz (Reference 2) has developed

an algorithm for evaluating the Bessel functions and 1atios that clim-
inates the weaknesses of the earlier methods. Lentz's algorithm uses a
new technique ot evaluating continued fractions that starts at the be-
ginninpg rather than the tail and has a built-in error check. Using the
method, any An(Y) can be gencrated completely independently of all pre-
ceding values with high accuracy. Readers are referred to Lent:z's

article for details.

We use Lentz's method to generate An(Y) for n of order =~ 1.5x and

then usc the backward recursion relationship,

1

o2 R _fn N
A =g (Y + An(\)) , (25)

to generate all lower orders. Using the forward recursion relations for

the other functions, the an and bn are calculated and the infinite series

summed until convergence. In almost all cases, convergence is reached
before reaching the highest precomputed order of An(Y). Otherwise

Lentz's method 1s used to generate any additional nceded terms.

Utilizing the Lentz algorithm, we have written a very compact com-
puter routine that evaluates the exact Mie equations for QSCA’ QBKS’
QEXT {and thus QABS)’ and S(b). The running time is quite reasonable
for an exact calculation. For a = 1.2, three orders are required for
convergence, and the running time is 1 millisecond on a CDC 7600 com-
puter. For a = 100, 103 orders arc required with a running time of 25
milliseconds. For inclusion in the WEPH code, a simpler routine has

been assembled which calculates only Q this routinc runs

ext 4nd Qggss
considerably faster than the full calculation case. Listings of both
the full Mie calculation routine and the reduced routine are given

in Appendix A.

17 \
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SECTION 3
SIZE DISTRIBUTIONS OF DUST PARTICLES

The two most common probability distributions used to describe par-
ticulate (whether dust, smoke, haze, fog, rain, or debris) size statistics
are the power law and the log-normal distributions. The power law prob-

ability distribution is

P (a) = (P— l) u—p a . < a < a (2())
P a-Lp—l) _ a—(p-l) min — -~ max
min max
where
a = particle diameter (cm)
Pp(a) da = fraction of the particles with diameters between
n and a + da
P = power law exponent
ain < minimum particle diameter in the distribution (cm)
A ax = maximum particle diameter in the distribution (cm).

The log-normal distribution is

2
1 n a/am
o 2 fn S
P (a) = 0

J2m a on s

[ A
oo
[ A
8

(27)

where

a

n - mean particle diameter (cm)

S standard deviation paramecter.

The two distributions given are probability distributions, ic,
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then

are the

Let

then

where

3
@)

N.,.., = total number of particles in the power law distribution

NTL = total number of particles in the log-normal distribution,
o . = N ) -

rpu,) = .\,”)lp(d) (28)
Fola) = N P (e 2¢
tL(a) \TLlp(l) (29)

number distributions for the two cases, where

fp(a) da = number of particles in the power law distribu-

tion which have diameters between a and a + da.

total mass of particulates (g)

oy = bulk density of the particulate material (g em 7y,
bH (30
- S
Npp =
ki -3
6 Db(a )p
M
T
Nopp = s (31)
3

a -
gn Dax p =4
a .
min
p -1 -
(52

a—Fp_l) - a‘(P—l)
min max

1 4-p _ 4-p
4 - p[dmax amin:‘ p#d




s

9 2

—_— [&n S)°
3 3
(a‘JL = a PL(u) da = a e . {33)

W
19]
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Condensates, such as water droplets or the particles reformed from
the weapon vaporized material, are generally well described by the log-
normal size distribution. Some typical valucs used in previous parti-
culate models are um = 1.4 X% 1()_5 cm (0,14 pmj, S = 1.9 for recondensed
weapon material particulates and a, = 5 x 10 cem (5 ym), $ = 2.0 for

water droplets within a nuclear cloud.

Dust and crater ejecta particulates are generally better described
by a power law distribution, at lcast for particles greater than a fow
hundredths of a centimeter in diameter. Experimental data from a number
of HE (high explosive} and nuclear tests, References 3 and 4, indicate
that typical values for the power law exponent are p - 3.5 for roch und
cohesive soils (such as clay or shale) and p ~ 4 for loose unconsoli-

dated soils (such as desert alluvium or sand). Fine soils may have p . 5.

The log-normal distribution is well behaved mathematically at both
limits of small and large particle diameters. The power law distribu-
tion is not well behaved at either limit. As a i, 80€s to zero both the
n) and the total number of particles NTP
o to infinity. As 4 ax Boes to infinity, the probability distribution

P(unl\) goes to a well behaved zero, but NTP goes to zero for a ftinite MT'
1412

There are several techniques employed to eliminate mathematical dif-

probability distribution I (a_.
p-omi

ficulties at the endpoints. The most common teclnique, and the one we
implicitly assumed when we defined the power law, is simply to cut the
distribution off at some lower and upper limits, ain and a___. Another

a
technique 1s to assume an upper limit, daxe but to attach a mathematic-
ally well behaved tail at the lower end of the distribution. This lower
Iimit tail can be some artificial mathematical expression chosen for

computational convenience, or, as is often the case, can be a fit to the

actuual cexperimental data in the small particle limit,




SAL, Reference 1, reviewed the experimental data on dust particle
size distributions from nuclear test cvents. They then analyzed in de-
tail the more recent (and more complete) dust size data from HE tests.
Their conclusion was that the smuall sice particles have a log-normal
size distribution, while the larger particles ha.  a power luw size
distribution. The size division between small and large particles oc-
curs at a particle diameter of about 0.018 c¢m (180 um). We will develop
the equations for the hybrid size distribution of a log-normal small-

limit tail attached to a power law distribution.

The hybrid probability distribution is given by

C.P. (¢ 0 <a<a.
‘ 1 L(dJ y<a = %nin
3 . = -
l“(‘l) l LJ4)
CLP (& a . < a <
L2 p(i) fmin = 4 < *max
where Cl and C, are normalization constants which ensurc that
a
max
b, (a) da =1 (35)
N > . ) = N ] S
LliLLdmin) LZ}p(amin) ’ (36)

ie, the constants ensure that the total probability distribution is
properly normalized to unity and that the log-normal and the power law i
distributions join at ain Cl and C, are given by '

P (a . )
¢ = _p_min” . (37)

- P el
L [L(amin) -

a in -1
n Tm lv(amin)
Cp= L+ "U( in S )}‘ a_. ) ’ (38)
L* min
where
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-~
[P
Tt

FU(A) = e Jt (39

1
Vo

cumulative probability ot the standardized normal

-0

H

rundom probability distribution.

For the hybrid distribution,

a a . a
max min max
(us) = HSP ta) da = ¢ USP (a) da + C azP ta) da
i tH 1 .o z p
Y 0 a
min
a .
(L) s
= C, (a Fo\ -3 unsS ] + C, (e
Gy g\ T oo Colap

and the total number of particles for a given mass MT 1s

r

\ = . 4

NTH b 0 (;;‘ (1)
6 b )H

For the hybrid distribution, the fraction of the total number of particles

in the power law segment and the log-normal segment is

(Nogdp
£y = —i.—”m‘ -, (12)
Moo S
(Noy)
I L
R il I (13)
T, :

The fractions of the total dust mass which lie in the two segments are

/ 3
(M...) (a)
S b S U
fup = My o - (449
a )“
(M),
. S R : R
i N L=ty (45)
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cohesive soils Reference 4 recommends the following values for

the hvbrid distribution parameters:

4 = 0,002 em (20 pm

m ) ;
s =2

a4 . = 0.018 cm (Iso oum) 4
min :

a =1 ¢m
max

P = 3.5

The current WEPH model assumes that for nuclear bursts the si:ze
distribution is a power law distribution best represented as that of

unconsolidated soils and takes

3 -4 .

P (a) = = — a ie, p =41
p(‘) -3 -3 ’ an

a. -a

min max
a .= 0.001 c¢m (10 m b
min { )
a = 10 cm . $
max

The 10-cm a ik value is for surface and very ncar surface (ic, cratering
bursts. As the burst height is increased, cratering ceases, the lofting
power of the nuclear induced winds decreases, und o 1s also assumed to

lad ]

decrease.

e can improve the size distribution model by adopting cither 1
a general power law distribution (arbitrary p, not just p = 4), or 1
the general hybrid distribution. As we shall show later, the attenua- 1

tion and backscatter effects of the hybrid distribution are not signi-
{icantly different from the corresponding power law distribution except
for extremely high frequencies (greater than about 100 GHz). For the 4
present, we adopt the generalized power law distribution. If in the
futurc the higher frequencies become important, the hybrid distribu-

tion can be casily implemented into the WEPH code. The changes required

in the code to generalize the fixed p = 4 size model to a gencral p i




| are trivial. Appendix B gives a list of the generalized model equations
and a listing of the generalized PGROUP subroutine, which calculates the
- - extinction and backscatter cross sections. ‘o illustrate the variation
of etffects with changing size distribution paramecter, Figure 1 shows the
extinetion cross section per gram of material as a function of p tor dry

sundy soil for a number ot frequencies.

For a given amount of dust mass, what 1s the ditference in extinction
and backscatter properties for the hybrid and the corresponding power law
: size distributions? To illustrate the differences numerically, we adopt

the tfollowing parameter values:

Power law size distribution Hybrid size distribution
a . = 0.001 cm (10 ym) a .= 0,018 em (180 m)
min min
a = 10 ¢cm a = 10 ¢m
max max
p = 3.5 and 1.0 (ic, a = (0.002 (20 Lm)
hard rock and soil S o,
purticles)
p = 5.5 and 4.0
For both distributions, we take
6
M'l' =10 ¢
My 2.5 g em””
The probability distributions are
(7.906 % 1078 A p = 3.5
) P (a) = ) 0.001 < a < 10
P I -9 -4 .
3.000 x 10 a p=4.0

(406)

The hybrid distribution is
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Figure 1. Extinction cross section for dust particles

with a power law size distribution.
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| Q a
3 i 1_[ " o.oqg}
. i
- < fn 2
b . 9;§%§Q e 0 <a <0.018
p = 3.5
-7_-3.5
1.643 x 10 "a 0.018 < a <10
P, (a) a_ 77 47)
i 1 [2“ 0.002
; 2 n 2
' L3154 ¢ 0<a<0.018
p = 4.0
-8 -4
2.204 x 10 °a 0.018 < a < 10

Figure 2 shows the power law and hybrid distributions. In addition
the entire log-normal probability distribution is shown. Wec see that
the log-normal and hybrid distributions have many particles below the
small-1limit cutoff of the power law distribution. Both the power law
and hybrid distributions have more large particles than the log-normal

distribution.

The normalization constants for the hybrid distribution are

‘ 0.9991 p = 3.5
i C, = (48)
f l 0.9992  p = 4.0
-3 <
1.512 x 10 p=3.5
C, = < (49)
2 1.260 x 1077 p = 4.0
The (33) values for the two distributions are
—— ( 4.950 x 107/ cmd p = 3.5
(a )p = -8 3 (50)
l 3.482 x 10 cm p=4.0
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The number distributions for the two cases are

fp(a) = (NT)pPp(a) =

f“((l) = (.\'.l)“l‘”(;l_, -

‘1.220 x10°a75°  p = 3.
0.001
18.295 x 10%a7 p = 4.

1190

2200

o
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o< 0,018

P o= 4

0.0]?«‘_"_.’1 1o

(1)

(52)

(54)

o da P m—— —‘“v—vv!

We see that although the probability distributions and the total number

of particles arc different for the power law and the hybrid distributions,

the number of particles versus size is virtually identical for particles

Dt




greater than 0.018 cm (the joining point between the log-normal segment

and the power law segment in the hybrid distribution).

£ (a) $0.9752 p = 3.5
P a>0.018 . (56)
L@ | -

1.019 p = 4.0

So any differences in the extinction and backscatter properties are due
almost entirely to the smaller particles (those with diameters less than
0.018 ¢m (180 um)). The fraction of the total number of particles with
diameters less than 0.018 c¢m and the fraction of the total mass carried

by these smaller particles are

( 0.9993 p = 3.5
(f\) . = a < 0.018 (57)
NP | 5.9998 p=4.0
0.9991 p = 3.5
(£, - ‘ a < 0.018 (58)
| 0.9992 p = 4.0
-2 -
3.278 x10 p = 3.5
(f,) a < 0.018 (59)
MP ) 0.3130 p=4.0
-2
(5680 10 p = 3.5 o0)
(fy)y = a <0.018 - 6
MTH T ] . 3004 p=4.0

Hence, more than 99.9 percent of the particles are small particles, but
they constitute only about 3 to ¢ percent of the total mass for a hard
rock size distribution (p = 3.5) and about 30 percent for a soil dis-

tribution (p = 4.0).

The scattering and absorption cross sections for a particle of

diameter a are given by




2
4 f(a\”
= 10 (E) Uea

5
4 ja\y
Oaps = 107 (E) UnBs
where QSCA and QABS are the scattering and absorption efficicncices,

respectively. In the long wavelength limit, ie, where

-2
u:.&)\ﬂ((l

A = wavelength of the incident radiation (m)
then

Qep ©

Ups ~
so that

%sca

9ABS

In the short wavelength limit, ic, where
a>1 ,

then both QSCA and Q approach constant values and

ABS

So in the long wavelength limit, it is the largest particles that domi-
nate the total scattering cross section for the whole size distribution.
In this limit, the absorption cross secction is seen to be proportional

to the amount of mass carried by the particles. Most often in the long




. wavelength limit, absorption dominates scattering so that the extinction
\ . . . N

1s also determined by the amount of mass. In the short wavelength limit,
both absorption and scattering are dominated by partidles with diameters

L’ about u particular size. This dominant size is generually pedar o= 1.

Hence 1t the long wavelength limit obtains for the small particles,

the extinction and backscatter properties ot the power law and thé'hy-
brid distributions are virtually identical. The scatter is determined © .
by the larger particles, and both numerical distributions arc essentiilly

, the same.  The absorption contribution of the smaller particles is de-
termined by their total mass, which as we have seen is negligible for
hard rock (p = 3.5) and almost identical (31 and 30 percent) for the two
distributions tor soil (p = 4.0). If the long wavelength limit tails

i for any of the small particles, then the two distributions will have sig-

nificantly different extinction and backscatter properties.

| e ~ . ~ . ~ .
f The trequency corresponding to o = 1 for a particle of diameter

“ 0.018 cm 1is
Fo= 530 GHz.

Hence, for frequencies below about 100 Gllz, the small particles can be
considered to be in the long wavelength limit, and the power law and hy-
brid distributions produce cssentially identical propagation effects.
The simpler power law formulation can be used without loss of accuracy.

If the frequency of interest risecs much above 100 GHz, then the hybrid

distribution formulation should be implemented.




SECTION 4

- COMPLEX INDEX OF REFRACTION
OF DUST PARTICLES

The complex index of refraction determines the scattering and absorp-
tion properties of a dust particle. In the current WEPH model, there are
three typical soil types built in the program with the indices given in
Table 1. These are representative values for soils at a frequency of 3
CHz (S-band). These values are taken as constants, independent of fre-
quency. At frequencies much lower than S-band, the dust effects are gen-
erally negligible. It was also assumed that the primary interest was for
frequencies below about 10 Gliz. Therefore a constant index of refraction
was a reasonable assumption. But with the addition of a stem dust model,
the dust loading may be high enough to significantly affect frequencics
lower than S-band. In addition, radar and communication systems with
frequencies higher than 10 GHz are becoming more common. The frequency
range of interest has broadened sufficiently that the assumption that the

index of refraction is independent of frequency is no longer valid.

Table 1. WEPH soil types.

Soil Type Index of Refraction
Wet clay 3.5 - 0.4i
Dry sand 1.5 - 0.025i

Tce-covered <soil 7

8 - 0.C0241

——

Also, allowing only three choices of soil types is unduly restrictive.

There is essentially an infinite varicty of soils, with a continuous vari-
ation of the index of refraction. The absorption due to dust particles

1s proportional to the imaginary part of the complex index of refraction.
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The three soil choices have imaginary indices roughly an order of mag-
nitude apart. The attenuation for a system could bhe 1, 10. or '00 dB,
depending on the choice made for the soil type. A finer df ion of

soil types (and thus attenuations) is called for.

Another major assumption, implicitly expressed, is that the soil
index of refraction can also be used tor the index of refraction tfor the
individual dust particles. Most soil indices of refraction are derived
from measurements made on soil samples which have been removed from the
ficeld and carried back to the laboratory. Soil can be considered to
consist of three components—solid material, water, and air. The soil
indices are determined by the relative fractions of the three components,
and by the electrical properties of the soltd and water components. Jn
situ soil, laboratory soil samples, and individual particles will all
have different fractions of the three constitutive components and wili
thus have different indices of refraction. There are various mixing
rules available which relate the index of soil in one state to the
index of the same soil in another state. We will make use of the
semidisperse model of Reference 5. In addition to relating the indices
ot different phases of the same soil, the semidisperse model allows the
index of retfraction to be calculated for a given soil or particle if
the diclectric properties and volume fractions of the constituents arc

known.

For the WEPH code, a more complete method for specifying the index
of refraction for dust particles is required. There are a number of
possible approaches. The simplest and most general (and the easiest
to iuplement into the code) is to allow the user to specify as input
the index of refraction for cach input frequency. This input option
is the most accurate provided, naturally, that the user knows thc index
of refraction of the dust particles (not the soil index) for his case
of interest. In many cascs the user may know various physical or
electrical characteristics of the soils but not the indices of the
individual particles. Later in this section, we present analytic

methods of calculating the dust particle index of refraction knowing
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cither the characteristics of the dust particle or of the bulk soil.

Another option is to cxpand the built-in choices of soils. The
present choices of three soils with widely spuaced imaginary indices
can be expanded to, say, ten soils with more closely spaced imaginary
indices. The user would choose one of the ten typical soil types, und
the built-in index of refraction list would consist of the indices
of the dust particles formed from the chosen soil. Moreover, the indices

would be frequency dependent.

We now present the semidisperse model. We begin by defining the
complex permittivity of a medium. ‘The permittivity appears in the
literature in various forms depending on how the permittivity was
measured or the physics in which the permittivity appears. The most

common form is the relative complex permittivity:

e* = £ - i ¢
= K -1 EEB
0
= K(l -1 tan §) s (63)
where
* = rclative complex permittivity
= E/EO .
€ = complex permittivity (Fm °)
C',K = reclative dielectric constant (often reported simply
as the diclectric constant)
5” = diclectric loss factor
) = diclectric loss angle {(radj). Sowmctimes the dicviceciric
phase angle © is given, where 6 = 7/2 - &
" = angular frequency of incident radiation (rad s-l)
9 = material conductivity (mho m_l)
o = permittivity of free spacc (8.85 = 107t l'm_l)

vAS

._..
]
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The complex index of refraction is related to the relative complex per-

mitrivity by
m = VQ“ . (64)
Writing m in terms of its real and imaginary parts as

m o= mR - 1mI , (65)

then

MR = \/% (\/wjg")l ) l)

L

<<

ro,
————

—

4

-
e |
=
‘\J‘

(oe

\

[
Ll

L
SN . o
- £ K7w”
(6]
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Vg

For a monochromatic planc electromagiietic wave propagating in the -

direction in a uniform medium with complex index of refraction m, the

clectric field intensity can be written as

elw(t - mz/c)

E(z,t) = £
it —wmI/c z -1me/c z
= E e
o
. co:  -iBz
= Eoclwt ¢ e 1R R (68)
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where

. {4 . - - l
y = c+ipo= i Tm o= propagation tactor {(m "}
¢

SR -1

= -——- = gttenuation fuctor (nepers m
N

, W . -1 -
g = - mR = phase fuctor (rad m ") . (71)

v

4 1s the attenuation coefficient for the amplitude. OQur interest is

normially in the power attenuation cocfficient, which 1s

2 -1
K = 20 = Loy m
C [
20w m
- [ -1 -
RTINS dB m . (72

A dust cloud consists of discrete dust particles dispersed in alr.
In the general case, the particles both absorb and scatter the incident
radiation. In general, then, the c¢loud cannot be considered a uniform
medium; and the attenuation cocefficient must be calculated using the
Mie¢ theory rather than the simple unitorm medium expression ot lyua-
tion T2, Under certain restrictive conditions, however, the cloud
can be considered a uniform medium, and the simpler attenuation (and
phase delay) cquations can be used. [f the long wavelength limit ob-
tains (radiation wavelength much larger than the dust particle sizes)
and absorption dominates scattering, then the attenuation is proportional
to the dust cloud mass density and does not depend upon the details of
the particle sizes. In this simple case, a dust cloud i:lex of refrac-
tion can be defined and the uniform medium relations used.  The cxact
Mie¢ relations can also be used for this simple case, of coursc: the
same attenuation coofficicent results from cither calculation.  When
scattering is significant, or the long wavelength limit docs not obtain,
only the Mie relations can be used for the attenuation.  For backscatter

calculations, the Mic relations must be used in all cases.

Consider a two-phase mixture, consisting of a disperse phasce (dis-

crete elements) contained in a continuous medium, as shown in Iigure 5.
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Figure 3. A two-phase mixture.

c* = relative complex permittivity of the two-phase mixture
L; = relative complex permittivity of the continuous medium
ga = relative complex permittivity of the disperse elements
¢ = volume fraction of the disperse phase

volume of dispersc elements
total volume

Then the mixing rule for this two-phase system is given by Hanai, Refer-

ence 6, as

PN V&
- d {m

o (;:» =1-9 (73)
m d 7

et bk

Wobschall (Reference 5) shows that the permittivity of 2 multi-phase sys-

]

tem can be calculated by the appropriate repeated applications of this !
i

two-phase mixing rule. Let ;
v 3 3 i

(1 -¢)°(a;-g3)’ :

C = = (74) i

m 1

(g* - f;:j)J :

Dz — = . (75)

(1 - ljt‘*
= m



Cubing both sides of bkquation 735 and gathering terms, the two-phase

mixing rule can be written s a cuble equation:

3 . 2 e o 3 )
FTO- .)ES;* + .5?:] - Ljur - {:l =0 (76
or
3 “ 2 T
£*X7 - 3e*e*T 4+ (3¢*T - D)e* -g* =0 . 7T
m dm ¢ d / m d (77)

The first form 1is appropriate if €% and L$ are known and :* is the un-

d
known. The sccond form is for ¢* and ea known, with La unknown. These
cublc cquations can be solved by the stundard techniques, and a computer

routine has been written to solve ther (given in Appendix C).

Our first application of the mixing rule will be the calculation of
the permittivity of a particle knowing the constituent properties. The
particle will be considered to be a mixture of solid material, water, and
atr. First consider a large particle such @s a rock. lFor most rocks,
conduction is electrolytic, the conduction medium belng an aquecous solu-
tion of common salts, distributed in a complicated manner through the
pore structure of a rock {(Reference 7). As long as therc is a continuous
film of water over all the surfaces ot the rock structure, the rock con-
ductivity is & smooth function of the water volume and water cenductivity.
The solid ({essentially nonconducting) muaterial of the rock can be con-
sidered to be dispersed in a conducting water medium. 1t the water con-
tent ot the rock is below the cr tical saturation {the water film is no
longer continuous), then we would have discrete conducting water clements
dispersed in a nonconducting medium; the conductivity of the rock would
be greatly reduced. Besides solid and water, a rock has air in its porce
structure. The fraction of air in a rock 1s known as its porosity. We
will assume that a dust particle is constructed similarly to a rock.
Further, we assume the water film in the particle is unbroken. For the

particle, let

fg = volume fraction of solid material
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n

volume fraction of air (porosity)

las
|

= volume fraction of water .

er,oer, g; = complex relative permittivities of solid, air, and

. water, respectively

Note that £+ f + f =1
3 d W

We calculate the permittivity of the particle by two successive applica-
tions of the mixing rule, bquation 76 . First we find the permittivity
of the solid-water mixture by considering that the solid is dispers-d

in the continuous water. Thus

ey = ¢

d S
£r = (¥

m W

t
O = e D
‘ £+ f
S W

for the first application. Let €% be the solution for the solid-water
DW

mixture. The particle permittivity is found by a second application

considering that air is dispersed in the continuous solid-water mixture.

We use bquation 76 again with

* *
S = €
d a
~k - E:{‘
m SW
¢ = f
4 a

For frequencies below about 1 GHz the relative dielectric constant
of water is essentially constant, and is given by
K = 87.8 - 0.37T, (78)
where T is the temperature (°C). 1t happens that K, varies little with
s0il type and is approximately ecqual to 3.5 (Reference 5). We will
calculate the dielectric constant and conductivity of the particle

assuming the following parameters

-
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Recall that

10
ex =Kk - 19 -k -3 1.7976 x 10" ¢
S f

(79)

where f is the frequency (lz). Applying the mixing rule twice as dis-
cussed above leads to the results shown in Table 2, where D is the

conductivity of the particle (mho m—l).

Table 2. Dielectric constant and conductivity of a particle.

b A
b “w
+
T"w'
Yb'fw fd U U.1 u. ¢ (G .4 (.5 { 0.1 (e 13 4 )
sl 6.5 b.1 5.2 4.6 3.9 3.3 0.036 | 0.0311 ¢.uee (ORI BTN
s 11.4 10.¢ 8.6 7.3 6.1 5.0 U. 093 0.080] 0067 [FRETLN NN R
.3 17.1 4.5 |12.7 1.6 s.7 7.0 0n.17 .14 | 0,12 N.0% u.7e | Dooss
.4 Z3.8 120.% J17.4 145 | 1l.a 2.3 .26 0.é2 |1 0.18 uols fulld NS
u.5 3b.2 209 2.8 |19 [ 15.3 ] 12,0 0.3t 0.30 | 0.25 0.21 t6.17 nold

Analytic fits to these results are given by

2 o
Ky = 30.5 (1.475x" + 1.010x + 0.126) (0.4033f - 1.388f_ +1.00) (80)
. 2 2 -1
0, = 0.3550, (2x" + 1.045x - 0.023) (0.423f, - 1.5f_ 1) mho m . (81)

The error in the conductivity fit 1s less than 1.5 percent. The maximum
error in the dielectric constant fit is 9 percent; for all but two table

entries, the error is less than 4 percent. The normal ranges for porosity
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in rocks (fa) is from 0 to about 60 percent, with a median valuc of about

15 percent. For connate water conductivity, 0.05 mho m_l is a low con-
ducitvity, 0.3 is a typical medium value, and 20 is a high value at radio

broadcast frequencies.

The DICE THROW event was an HE (high explosive) test, conducted near
the Giant Patriot site on the White Sands Missile Range, 6 October 1976
(Reference 8). The charge for this test was composed of approximatcly
628 tons (570 metric tons) of ammonium nitrate fuel oil (ANFO). A com-
plement ot 33 experimenters and support agencies participated in this
nuclear simulation test event. SRI (References 8,9,10) fielded a UHEF/
microwave transmission experiment to measure the effects of dust and
debris on signals passing through the cloud generated by the blast.
Both amplitude and phase shift were measured. The measurement frequen-
cies are shown in Table 3. Several samples of loose crater material
were collected after the detonation and analyzed to determine their
dielectric properties and mass densities. Using the laboratory measure-
ments we will compute the dielectric properties of the individual dust
grains by means of the mixing rule. Using the dust grain values, we will
then compute the propagation properties of the dust cloud by two methods:
tirst, by the simpler mixing rule method, and second by the full Mie cal-
culation. Finally, we will compare our calculated values of the dust

cloud attenuation with the experimentally measured values.

We expect our calculated dust cloud attenuations to be equal or less
than the measured attenuations. This is because the actual cloud has
not only dust but the combustion products of the 628 tons of ANFO. 1If
the extra attenuation due to these combustion products is unimportant at
a given frequency, then the calculated and measured attenuations should
be similar. If the combustion products attenuation is significant, then
the dust attenuation will fall significantly below the measured attenua-
tion. In the case of 'a nuclear device, the attenuation due to the device

products will be negligible compared to the dust, sincc the nuclear pro-

ducts represent an infinitesimal fraction of the nuclear-lofted dust.




Table 3. Measurement frequencies.

Path Frequency
(MHz) i
1 378.608, 413.028, 447.447
1273.503 i
2891.196
10188. 024 j
2 413.028
10188.024 )
3 413.028
10188.024
4 424,501 ?
8914.521 {
!
5 424.501 :
6 424.501 :

After the test, soil samples were taken from the resultant crater.
There appeared to be three characteristic soils comprising the crater,
descriptively labeled in Reference 10 as sand, Caliche A, and Caliche B.
Laboratory mecasurements on each of these soil types are summarized in

Table 4 (Reference 10).

The relative permittivity of the soil in the lab fixture is

o
. c 0 ! "
L < - < = - 2
£f hf 1[}{ tan 00 + Com] € - 1 Eg (82)

where the subscript f denotes values in the lab fixture. Let us assume
a4 linear variation of Kg with frequency. Then for the 8 transmission

frequencies, the lab permittivities are given in Table 5.

Next we apply the mixing rule to the lab permittivities to calculate
the permittivities of the individual dust grains. In this case, the

mixture permittivities are known and we want to solve for onc of the
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Table 4. Lab test results for the crater soils.
] ) Electrical Measurements
Density Measurements of Soil in Lab Fixture
Sample
Density in |Soil Grain| Dielectric Constant | tan 60 9
Lab Fixture | Density 1
- -3 H mho m
(g cm 3) (g em™3) 1 GHz 10 GHz ( )
: Sand 1.521 2.56 2.9 2.5 0.025 0.0024
E Caliche A|  1.207 2.64 2.8 2.4 |0.024 | 0.0031
. Caliche B 1.472 2.64 3.0 2.7 0.021 0.0014
constituents, so Lquation 77 is used. In the lab fixture we consider

the continuous

; arc conducting and

Lquation 77,
* = o*
i) ¢
C'k
d
ok *
& = £,
t
alr
¢, = h
-
The

dare

given in

F the soil mixture to be composed of dust grains and air.

The grains

in contact with each other, so that the grains arc

volume

total volume -

Table o.

(grain permittivity)

{lab permittivitics)

lab soil density

medium and the air is the disperse phase.

= 1.0 - 1(0) (air permittivity)

grain density

0.4059

0.5428

0.4424

Thus in

(sand)

(Caliche A)

(Caliche B)

results for the dust grain permittivities and indices of refraction




Table 5, Lab permittivities for the transmission frequencies.

’ Lab Permittivities
Frequency (MHz) Sand Caliche A Caliche B
f £ “f f tf ¥
: 378.608 2.93 | 0.187 2.83 | 0.215 3.02 | 0.130
413.028 2.93 {1 0.178 2.83 1 0.203 3.02 | 0.124
i. 424.501 2.93 | 0.175 2.83 1 0.199 3.02 } 0.123
E 447.447 2.92 1 0.169 2.82 10.192 3.02 | 0.120
; 1 273.503 2.89 | 0.106 2.79 1 0.111 2.99 | 0.0826
; 2 891.196 2.82 |1 0.0854 )} 2.72 | 0.0846 } 2.94 | 0.0704
3 914.512 2.55 ] 0.0686 | 2.45 | 0.0651 2.74 | 0.0604
10 188.024 2.49 1 0.0685 2.39 | 0.0628 | 2.69 | 0.0590
3 Table 6. Dust grain permittivities and
indices of refraction. ]
Frequency Sand Caliche A Caliche B
(MHz) “ N : . " ' " m " ‘
g g n‘R ﬂ\E Q g mR HII q g & 1 i

376.606 | 4.8410.395]12.20]0.0697 | 6.20 | 0.665]2.4910.133 0.302 [ 2.3 | C.0644 |

o
£
[}
fen}

413.028 ) 4.84]10.37612.20(0.0854 | 6.20]0.622(2.49[0.126 ]5.40[0.26k |2.32 ¢ .vel~

~>

424.501 [ 4.84 3, 0.37012.20]0.063916.20}0.616[2.49{0.124 15.40

<

L2686 | 2.32 100614 i

. 447.44714.821 0.35712.20)0.0612)6.17 1 0.594 ) 2.4910.11% |5.40]0.279

~
[
)

1273.503]4.76] 0.224|2.16]0.0513[6.07 | 0.343]2.46 [0.0695 [5.33(0.192 [ Z.3] | <. 0415

2 ¢Y1.196 4 4.611 0.180(2.15]0.0419 | 5.46 [ 0.261 | 2.42 [ 0.053¢ [5.21 | 0.1€3 | 2.¢ LR
B 914,512 4.04]0.14312.0110.035615.0310.19:]2.24 [0.0442 fa. 75 013921t L3
Iy 148,024 1 3.9210.133 ) 1.9 ) 0.0350 ] 4.45)0.191 ] ¢.20 10,0435 ]4.63 10136 | 2.15] . isin

44




- —

Using the dust grain indices of Table 6, we next caleulate the
propagation properties of the DICE THROW dust cloud.  First we assumce
that the long wavelength limit obtains and that scattering is insigni-
ficant compared to absorption. We can then use the mixing rale to calcu-
late the index of retraction of the cloud and use tquations 71 and 72
to tind the phase shift and attenuation coefficient.  he use the mixing
rule of fquation 7¢ with the dust grains dispersed in air.  Take the
dust density in the cloud to be T goem 75 this is the estimated value
of the dust density when the cloud had a diameter of about 100 m.

Tuable 7 gives the permittivities and indices of refraction ot the

dust cloud. Eguations 71 and 72 are now used to calculate the propagation
propertics of the cvloud. We convert the linear cocefficients Into mass
penetrated cocftficients by dividing by the cloud dust density. Thesce

nass penetrated values can then be used for any cloud density. Table

8 shows the results.

As an example of the use of the propagation parameters, we consider
a 100 m ray path through a cloud of usverapge dust density of IO_: g cm—3
This corresponds to a mass penetrated value of 100 g2 m_:. If the dust
were compoused of sand, then the dust-induced phase shift and attenua-
tion would be 2.78 rad uand 1.05 dB at 378.608 Mz and 65.]1 rad and
15.3 dB at 10188.024 Miz.

Next we usce the full Mie calculation. We use the dust grain indices
of retfraction of Table 6 and the WEPH power-law size distribution de-
scribed in the previous section. The exact power-law cxponent for the
DLCE THROW dust cloud is not known, but is thought to lie between the
vadues 4 and 5. In order to prevent damage to the experimental equip-
ment from large soil missiles thrown out by the blast, an annular ring
ot 'noo7ty soil around the explosive was removed and replaced with sand.
The dust cloud particles are biased toward small particles. The Mie ex-
tinction and absorption coefficients arce shown in Table 9 for power-law
exponents of 3.5 ("hard rock'), 4.0 ("unconsolidated soils'), and 4.5
{("fine so1ls). The Mie scattering coefficient is the difference be-

tween the extinction and absorption coetficients. At the lower

a5
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\ Table 7. Dust cloud (p = 1072 g cm-3) permittivities
and indices of refraction.

@

Table 8. Dust cloud propagation properties from mixing rule.
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rrequencires and smaller particle distributions (larger p), the eaxtine-

tion s due entirely to the absorption and is the same (within our com
putatiovnal accuracy) as that of Table 8 calculated by the simplo mixing
rute. At the higher frequencies und larger particle distributions
(smaller py, the dust particles are no Jopger small compared to the
wavelenpth,  Scattering becomes more important und dominates the ex-
tinction.  Scerious errors would result it the simple mixing rule were
used to calceulate the catinction for these cases.

In the DICE THROW dust cloud transmission experiments, both phasc |
shitt and eatinction were measured.  bFigure 4 from Reference 10 shows 3

the phase shitts on transmission path 1 as a function ot time for the g

three lowest trequencies.  We will assume that the cloud is composed
primartly ot sand particles with a power-law size distribution exponent
of 3.5, Using the phase shitt parameters from Table 8 and the phase
shitts ot Figure 4, we can calculate the mean mass penetrated as a func-
tion ot time.  We lynore the scintilblations about the mean phase shitt

Iine.

Figure 5 shows the mean mass penetrated.  We use the mass penetrated
time history and the Mice extinction coetrtficients for sand and p = 4.5 of
Table 9 to calculate the mean extinction as a function of time and fre-
quency. bilgure 6 shows the measured attenuations (Reference 10) and our
caleulated values.  The data show strong scintillations about the meuan
absorption.  Jur calculated mean values show reasonable apreement at the
Lowest and highest tfrequencies, but do not produce enough attenuation at
the intermediate frequencies,  As we speculated carlier, the missing at-
tenuation at the intermediate freq oncies may be due o the combustion
products ot the o8 tons of ANTO in the cloud which we have neglected.
\tiothoer possihibity ds that the size distribution of the dust particles
vay ot bhe well represented by aop o= 405 power law distribution.  Be-

part ot the - o7t soull owas removed and replaced with sand, the

vl

resulting dust particle sice distribution may be abnormal.
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SECTION 5

DUST MODELS FOR THE STEM
AND PRECURSOR PEDESTAL REGIONS

Theoretical investigations of dust in a nuclear environment huve
been carried out for many yecars at many ditferent companies, including
SAL (Science Applications Inc.), IITRI (Illinois Institute of Technoloypy
Rescarch Institute), ATI (Applied Theory Inc) and s” (Systems, Science,
and Sottwarce) (sce References 11 to 18).  The mechanisms of dust genesae-
tion and transport have been studied. Dust generation includes crater
cjecta, dust "popcorned" from the surface due to the thermal pulse of
the device (with a minor contribution due to the neutron output), und
the subsequent '"'scouring' of additional dust from the surface due to
the outgoing shockwave and the inrushing afterwinds. Transport involves
following the motion ot the dust after generation, both within and out-

side the tireball.
The general technique in the transport studies is the following:

I. Assume an initial dust mass distribution in space and a
particle size distribution. The initial mass distribution can

come from the dust generation results or from empirical models.

to

Obtain a model for the air density and velocity flow fields
as a tfunction of time. Both large hydrodvnamic codes {such
as HULL and SHELL) and idealized models (such as Hill's spherical

vortex) have becn used to specify the fields.

3. Follow the motion of a large number of individual particles in
the flow ficlds. The number and size of thesparticles are
chosen so0 as to give good statistics for size distribution and
mass density. The particles are assumed not to affect the
tlow fields. The particle motion is followed under the cffects

ot gravity and drag (from the tlow).




Using results frow nuclear test experiments, HE cxperiments, and
the theoretical studies, GE-TEMPO developed a systems model for the dust
within the fireball (Reference 18).  This model wis used in the RANC
and WEPH nuclear weapon cffects codes, and was subsequently adopted for
the ROSCOE systems code. Besides the fireball region, the stem and
redestal regions also contain dust.  Figure 7 shows an artist's shetch
of a surface or near-surface nuclear detonation. There now exist sufficient
data, both theoretical and experimental, for the development of a systems
model for the dust within the stem and pedestal regions. In this section

we develop such a model.

FIREBALL

PEDESTAL

Figure 7. Sketch of the nuclear dust regicns.
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We first consider the dust pedestal region. A typical pedestal
region will extend out to about three initial fireball radii and be
50 to 100 meters thick, containing roughly 0.03 MI' of dust per MT of
yleld (Reference 11). The formation of a large dust pedestal region
1s a unique characteristic of a nuclear detonation. About 40 percent
of the total yield of a nuclear detonation is emitted from the fire-
ball in the form of thermal radiation. The soil surface around the
fireball region is irradiated by this thermal flux. The weapon neutron
and X-ray output may also irradiate the soil surface; but the range of
these outputs is so short that the affected soil is within the fircball
or stem regions, and so they do not contribute to pedestal function.
The thermal irradiation causes the top 0.3 to 1 mm layer of soil to be
thrown off, forming a low-lying dust layecr. For wet soils, steam pro-
duction is probably the throw-off mechanism. For dry soils, a '"pop-
corning" effect is observed, probably duc to the release of hydrated

water (Reference 12).

The air in this low-lying dust region is heated by a variety of
mechanisms. There is conduction from the hot soil surface, convection
within the layer, steam production in the case of wet soils, and con-
duction heat trom the hot thrown-up soil particles. Once the dust
layer is formed, the dust particles absorb the incident thermal radia-
tion and efficiently transfer the absorbed heat to the air by conduc-
tion. The net result is the formation of a thin, hot, dusty air layer
above the surface. Sound propagates faster in heated air. As the vlast-
produced shock wave propagates outward from the burst, that portion of
the shock propagating in the heated region travels faster than the main
shock; it becomes the shock precursor. Figure 8 from Reference 12 shows
a sketch of the shock behavior. The outrunning shock wave scours some
additional dust from the soil surface. The formation of a shock pre-
cursor causes large vertical air velocities behind the shock front which
carry the dust upward 50 to 100 meters.

The dust production from a conventional explosion differs signifi-
cantly from that of a nuclear cxplosion. Conventionally, there is no

hot air layer cxisting before the shock arrival. The outrunning shock

54




I0SINd3Id 9ABM-)SEIY

aSuey

*JUBWAO [ 3ABP J40SUNIBUd ISelq JBI[3NN "8 SunbL

JJO-Morg 1ewaay ], yooys-oad

aduey

pnory jsng

Josandaxd dn-doamg

A20Yg juapyouy

2PNy

Ije JUSIqUIE PUE [B}Id]
J30-M01q 304 JO eIMIXTN

1eqatiy

*21 3DUd4ILBY WO4 DPIOINPoIEDY

apmnly

e

55




o P T " " e — y 2 o ” . I— . N - q
| - ' o '

: can scour dust from the surface, but there are no precursor-induced
vertical velocity components to carry the dust to relatively high alti-
tudes.  Thus the total dust production is proportionally less and the
dust is contfined to the near surtface layer. The nuclear-produced dust

is truly a "precursor' pedestal.

For the development ot our systems model for the dust pedestal,
we rely primarily upon the work reported in References 11, 12, and 13,
In these reports the authors have studied the pedestal formation und
time history from both a theoretical and experimental approach. The
experimental data consists primarily of photographic records of nuclear
] test events at the Nevada Test Site; there are also a few dust density

measurements.,

We begin with the geometrical modeling of the dust pedestal.  From

test observations, the thermally produced dust layver is rapidly lofted %
to its maximum altitude after passage of the shock wave. The radius
grows out to a fairly well defined maximum radius (where the shock be-
comes too weak to loft the dust). Figure 9 from Reference 12 shows

the time history of somec typical dust profiles predicted by the PREDUM
code. SAL approximates the final pedestal dust cloud by the simple
geometry shown in Figure 10. Utilizing the photographic data, uan
empirical model for RMAX and RMAX was developed in Reference 12. This
model is shown in Figure 1]; also shown 1s an cstimate of RMIN developed
from PREDUM calculations. For our pedestal model we choose the simple
geometry of an annular cylinder; the inner radius i1s taken as the stem

radius. Our geometry is shown in Figure 1..

As the burst altitude 1is increcased above the ground surtuce, the
thermal flux at the ground and the strength of the outrunning shock
wave become weaker. Eventually an altitude is recached at which no pre-
cursor is ftormed. Reference 12 estimates that this point is reached at

an altitude of about

' - 1/3 -
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Figure 10. PREDUM predictions for shot UOG and simplified
geometrical fit.

The units customarily used in the stem and pedestul references are tfeet
tor distance and kilotons for vield. The working units of most weapons
ettects codes such as WEPH are Kilometers for distance and megatons for
vield.,  We will generally write the same equation twice, once in cach
sct of units.  The distance and vield units will be explicitly indicated
within the cquation; the units of the other variables which do not change
will not be explicitly indicated in the cquation, but will be specitied
clsewhere.  Thus the maximum altitude above which no precursor is

tormed is also written as

, N D VAN :
'%mm(km) = 2,00 W (MT ) . tNah
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Figure 12. Pedestal and stem geometry.

In our model we will assume that no dust pedestal is formed for bursts

whose detonation altitude is above HMAX'

For the maximum radius reached by the dust pedestal, we take a

A

simple two-scgment lincar fit intermediate between the RMAX and 1AX

curves of Figure 11. The fit is

VA

‘_’.ZHB(ft) R 525w1/3(}('1‘) 0 < hgcft) < 205wt/ ¥ (ko

, - 8§4a)
Rppax (F) / {

1/3 .. 3
l(). 16HB(ft) + 942W (KT) zoswlbm) L Hg(f) < (‘75“'”3@"1')
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‘6.71 xxu‘*ch(km)¢ 1.oowl/3(wr) 0 < Hp(km) < 0.625h1/3(M1;
LN =
Fuan l
a8 x 10771 (hay + 2,676 S0y 0Le2swt 3y < Hy Oy < 2.06w1/ o)
(84

Figure 13 from Reference 12 shows the estimates for the height of
the final pedestal dust cloud; shown arce the test data points, the
"best estimate” (empirical model), and the PREDUM code predictions.

We adopt the following fit (also shown on Figure 13):

13 NG
L(re) = 4087 (K1) expl-2.05x 1077 7T (854 )
MAX W KT
.. b (km)
Hp(hm) o = 0,122 WO expl-0.073 _1%_. (85b)
MAX WO M)

We will model the time history of the pedestal radius as it grows
trom the stem radius to its maximum radius. We ignore the short build-
up tiwe that it takes the dust to reach its maximum altitude, and take

the pedestal height as a constant cqual to Up Consider a burst at

MAXT
an altitude low cnough tor g precursor to be tormed. The shock wave

travels downwurd from the burst point, intersects the ground, and then
travels outward along the ground surface. The precursor forms aad the

dust pedestal is generated. We take as the pedestal outer radius time

history,
0 bty
= N . <
Rplt) Rgp (8D o fep 20 2ty
- T
t
e
R. (t )+[R, R, (t ﬂ 1-0.95¢ t >t
SH* pr IMAX SH* pr-} ~ pr
(86
where
tg“ = time of arrival of the shock at the ground (s)
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Figure 13. Dust height predictions (PREDUM) compared to
empirical dust model and data.

K., (t}1 = ground range of the shock wave (ft and km)

SH
tpr = time at which the precursor forms (s)
tc = time constant which determines the rate at which

the tinal radius is reached (s).

In our model there is no dust pedental until

R,(€) » Rott)

where Rs(t) 1s the radius ot the stem and the inner radius of the pedestal
(Rstt) will be given later). The cquation tor Rp(t\ for t - tpr 1s of
the form given in Reference 135,

The slant range from the burst point to the shock front is
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betine a scaled slant range as
(5>

S = -lll'_E'. - Ve
D [N
W / {K1) W MY

528,01 Ltk
Then the time in scconds at which the shock front reaches sround radio:

S lou

Is given in Reference s as
YH‘J"

!

Ir‘ '».
\51[
35.595 «~ 10 7 s ¢
‘ W
tU\b“l = i . -
- - - o . -0,
0.54209 - 2, 01185+ 10778+ 5,018 - 107787 « 2,385 2 10787 S
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We can invert bquation 89 to tind the shock front radius as o function

of time. Detfine a scaled time
L= = . (94)

Then inverting bBquation 89,
Al =y
$59.9541‘/” Lo 3,593

S(t) = (95
M —. %

Io1.94 S 15897+ 0. 178217+ 2,055 - 1071 L

- s

R

1+5.871 10 "t +1.806 =10 1

and trom kquations 87 and 88,

i} R VA ”‘)2 R, . .
Ry () = \/(S(t)w (KT)) 7 - Hy(fe) it (004
VAT
B b(t)h____QiLl) 2 , )
RSH(t) = \/( 33501 HB(km) km . (vobh)

Refercence 13 gives the time constant t, as

o (ft) - -
s{).:noo.14o(1-13 ~*-i]wl/h(KT) IR AN AT S

JSSWI/J(KT)

(8]
3 . /5
0. 20001 % (k1) Ho (£1) 235K T KT

(97a)
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the

Yinal dust ¢loud as a tfunction of yleld and altitude, as calculated tn
PREDUM code.  An excellent tit to the datua is
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Figure 14. Average dust density in the fina)
dust pedestal.

What is the size distribution of the particles in the dust pedestal?
We arc assuming that the particles came primarily from the top 0.5 to |
ni of the soil surface, <o the particles are small. We will assume that
the pedestal particles have the same size distribution as the fireball
dust particles, but that the maximum size particle in the pedestal is
1 mm (0.1 ¢m). For evaluation purposcs the fireball dust size distribu-

tion is divided into eight size groups spanning particle diameters trom

0.001 to 10 centimeters. We take the same small-size limit of 0,001
centimeters.  For evaluations, we divide the pedestal dust sizes into
the four size groups given in Table 10.  Since we are assuming the same
size distribution tfor the pedestal dust as tor the tireball dust, we can
use the fireball dust attcnuation and backscatter ftformulas for the

pedestal dust propagation.
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Table 10. Pedestal dust sizes.

Group Mjnjmum Diameter Maxjmum piameter
of Particle in Group (cm) of Particle in Group (cm)
1 0.0n1 0.004
Z 0.004 0.01
3 0.01 0.04
4 0.04 0.1

As in the fircball case, we assume that cach size group is uniformly
distributed within its own (annular) cylindrical volume. All c¢ylinders
will be assumed to have the same radial dimensions at all times, inner
radius Rs(t) and outer radius Rptt). All cylinders will initially have

the same altitude, after a suitable delay interval the height of

1 5

Pmax
cach ¢ylinder will be allowed to fall with its characteristic velocity.
We do not have any data ftor the appropriate delay time before the dust
particles begin to settle.  We arbitrarily take the delay time to be 5

times the e-toelding time of Rp(t) in Eguation 86,
=t + ot . (99)

the altitude history of cach group cvlinder is

~
I A
[

!
Pmiax
(1o

| .=
)y l
Mpmax ~ Ypi(t -ty £ tfp

where vpi is the characteristic fall velocity ot size group i.

The terminal velocity ecquation of & spherical particle falling under

gravity in still air 1is

e Vio- g =0 , (1o1)
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where

V' = terminal tall velocity

= ambient air density

A
1

pP = particle density
d = diameter of spherical particle
g = accceleration of gravity-

For a spherical dust particle we can use {Reference 11)

S 24 44 (102
(,D—R;+O, s (102)

where Re is the Reynolds number, given by
pa\'d
R = (103)
e

I
I

a

wid M i< the air viscosity. Thus the velocity cquation becomes

e 2 lbua

1
gp—a\' + )V-g—O ) (104)
P pod”
p
which has the solution
o i
' 3gp 274,
V = \/( _d) PO 3 i (105)
pad Pa pa

This terminal velocity equation is morc familiar in the limits of large

and small dust particles. For small dust particles (d 5 0.01 cm)

,
¢ o= 2% and
X
v o= (106a)
18y
a

which is Stokes law. For large dust particles (d 2 0.1 cm),

Vo= \;J’—‘— (1006b)
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which 1s the dynamic drag cquation. We assume the following numerical
values

o, = L.225 » 19_3 g em ” (sea-level air)
o, 2.6 g em’” ,

g = 980.6 cm s 7

W, = 1.81 = 107" poise

With these values the terminal velocity equation becomes

-
;
3.9894\° 3.C -
Vo= \/il—gg—é) +6.2438 < 0% - 3ﬂ§§2i em s} (107

where d is in cm. We assume that ecach size group falls with the terminal

velocity chuaracteristic of the smallest particle in the group. The dust
particles are not spherical nor are they falling in calm dir. Henve we
expect the effective fall velocity to be less than our simple calculation.
Taking the smallest particle in the group assures a slower rate. fdable

11 gives the fall velocities for cach size group.

Table 11. Fall velocities for pedestal dust size groups.

Group 8;$¥$2$£ ?: ggg;;eﬁgm) f?]] VE]??ity -1
cmos km s ft s

] 0.001 0.782 | 7.82°6 ] 2.5772

2 0.004 12.4 | 1.267%] 0.408
3 0.01 71.e | 7.187% 2,36

4 0.04 4io | 41073 13.4

e next develop a systems model for the dust in the nuclear stem re-
pion. The stem region is more complicated to madel than the pedestal re-
wion. For very-low-altitude bursts, the fireball itsclf intersccts the
cround and dust is directly injected into the fireball. The fireball and

stem are connected and rise together; additional dust is injected into the
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1
fireball via the stem.  As the burst altitude is increased, the fire-
ball does not reach the ground surface. A\ dust stem is tormed and 1
rises to intersect the rising firveball; dust iIs injected into the fire- i
ball only via the stem. At still higher burst altitudes, the stem doces
A
not reach the rising tireball; the fireball reglon s dust tree. tven- i
tually a high cnough burst altitude s rcached so that ne stew 15 tormed. A
We tuke the peometry ot the stem region to be evbindrical; sco tiure
12, Be beptn by modeling the stem radius time history.  tigure 15 fron j
Reference 14 shows the scaled stem radius as a tunction ot scaled time
for a number ot veryv-low-altitude bursts.,  Thesce data were taken tron
photugraphic data of the test events.  We adopt the tolluwing it to .
the best-estimate curve shown on bigure 15:
- 0252 V2TOS /50
SIETRT SRR IV ETS R TR SR
IR 173 . I S T
ESTUSERITCE oozt e 2oaset
S 00547y -0, 6457 N WACT N DA I . :
koven = G e O s e e s i ‘
HL1510 . Y. 0 - A/5 - T
g ok I e 0T e M ey e e
. 5 . R VAR
ot e oo
(108a)
0.2432 0.2705 1/3 ;
DoANGIWN t 3028
(0N T = (MT) i
- 1/3 /5 1/3
0.7315W JLU2W IS <t < 220500
MT) (M) — = T
0.5479 _-0.6137 S enl/3 1/3 :
Rt =< 5,428 22.5W o < S55W .0 - Kin i
W) =2 18 gy Ty = 8y !
' o 001310 0.6070 1/3 oo 173 |
0.03616W, © S5W t TOW L.
050168 ) Ry 28D My 1
1/3 13
\ > oa2wi/? t o TTow :
0428 ap - (T i
(108b)
There is no discernible variation of RS(t) with height of burst for the f

imited altitude range of Figure 15.

We assume therefore that there is
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no functional dependence upon height of burst for the whole narrow
altitude range tor which a stem is formed. We restrict Rs(t) to be the

mintmum of that given in Equation 108 and the shock front radius of

. . A/5
bquation 96.  Note that tor a burst altitude less than 65,94 feet
(0.3WtG$) hilometers), the stem radius eventually expands enough to en-

I

gult the entire dust pedestal.

Detine a scaled height of burst of

B
= 09
Nsy R ’ !
tQ
-
where
RLQ = fireball pressure equilibrium radius (the radius of the

tireball when the fireball internal pressure talls to the

ambicent atmospheric pressure).
Then from obscervations of nuclear test events, the following general stute-
ments can be made about the rise behavior of the stem (Referencels).  For
scaled heights between about 2.5 to 3, there is no mixing of the fireball
proper and the surface dust layer. The stem does not begin rising until
20 to 30 scconds after detonation, giving the larger particles initially
lofted ample time to fall back. The rising dust column (the stem) docs
not recach the rising fireball until a few minutes after burst. For scaled
burst heights greater than about 3, the column of rising dust docs not
reach the rising fireball cloud before the cloud stabilizes (at about

7 minutes).

Based on a very limited sct of test data, we adopt the following some-

what arbitrary model for the time history of the stem altitude. let

Hs(t) = altitude of the top of the stem (ft and km)

HBOT(t) = altitude of the bottom of the fireball (ft and km)

trBs = time at which the fireball stabilizes (s)

tig = time at which the rising stem intersects the firechall
bottom (s)

t, = delay time before the stem starts to rise (s).
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Fhe stem altitude will always be limited by the fireball bottom altitude;

Hs(t) : HHU](t) at all times

We assume there is no stem formation until the downward-traveling shock
wave trom the burst interscects the ground surface. We then let the alti-
tude rise with the same velocity as the outrunning shock until the stem

altitudes reaches cither the dust-pedestal maximum altitude or the fireball

botton, depending upon the burst altitude.  For bursts with hSB < 2, take
U t ltSH
oty = Rblltt) [\Sl!(t) iAl{BOT‘{t) {110
Hyor (8 ot = Hyoptt)
shere s opive 9 9 and i
whure Ty '8 owtven by kquation 1, hSH by Equation 6o, and “BOT 1s

srven by the tireball phenomenology model. Thus for very low bursts,
woe et the stem rise until it intersects the fireball; it remains at the
tireball bottom trom then on.

for bursts with h. = 2, we tuake
¢ SB

‘O bt
- (t) < 111
Hy (t) IRS“(t) Rey (8] < Hpy (111)
) <
Moy ty,

where HPM\X 1s the maximum altitude reached by the dust pedestal and is

wiven by Lquation  85. For bursts above a scaled height of 2, we let

-
the stem rise to the pedestal altitude and then hold it at that altitude

tor the delay time t),- Take the delay time to be

0 <« 2
hSB « 2
t“ = lSO (hSB— 2) 2 < hSB <3 (11
30 ~ 3
5( hSB 3




We simply let the delay time increase from 0 to 50 scconds as the

scaled height of burst increases from 2 to 5.

After the delov time is over, the stem rises again.  We assume thut
,

the stems for bursts with scaled heights between 2 and 3 rise and inter-

sect the tireball bottom. We take the time of interscection as

It 2] LR N S (115

Yis 7 ST Sohgp -

[N tPBS

For bursts with scaled altitudes between 3 and 6, we assume the stem docs

not reach the tireball, but stabilizes at o lower altitude given by

Lo hg .

: . 5B - . 114
Hsypan 3 Mo (s S hgy 6 (13

bFor bursts with h%r 0 we assume no stem forms.  As a comparison, the
DD

maximun scaled burst height tor which a dust pedestal is tormed is

h\r =~ 2.06. The WEPH tireball dust model assumes that dust is lofted into

the tireball for bursts with hSP < 5. Qur stem model is consistent with
DD

the current tireball model. Table 12 gives the present model dust regions

as a function ot scaled burst height.

lor hSB 2, define the average rise velocity VQ of the stem as it
rises from the pedestal altitude to cither the intersection with the

fireball bottom {2 < h.. = 3) or to its maximum altitude (5 > h., = 6
— SB - — SB
Hpor trs) = Mhyax i ]
: - 2~ th )
[N b °
(115)
\S ) Hg H
UoMAx T Thax Sen e
- o S{ —
Yeps Tt f

We choose

the simplest time rise history, namecly o constiant velocity risc




Table 12. Dust regions.

3 Scaled Buist Height (hSB) Dust Regions
0 - 2.6 Stem, fireball, pedestal
' 2.6 - 3 Stem, fireball
3-6 Stem
> 6 No dust regions
{ 2. hSB 3
l:. ‘”I)MA\\ + \S\t - tl)) tl) :; t tl.’\
i = 116
“S(I) (H (
ot Lt Uty
> hSB O
‘“l’r\n\x gttty 0 U Y
”s[t) = (1
l“ﬁnxx U Yy

he have expressed the rise model as o tfunction of scaled beight of

burst. lor comparisons with the unscaled units, we can use the cenversions
bty = os.Twlid (118
3 (KT} SB
U A .
i = ).8038W [ 1. . 118h;
iy than) 080588 1y Mgy (HIsb

Neat we model the dust densities in the stem reogion.  We consider
only that dust which is lofted by the air velocity flow tficlds.  We
tgnore the crater cjecta and fallback.,  lor scaled burst heights above
about 0,035, the crater becomes a compaction crater with very little

cjecta, so the lofted dust is entircly composed of material "popcorned”

or scoured off the ground surface. For bursts low cnough to form an
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cievta crater, the fireball interscects the ground; any systems dust ef-
fects would be completely obscured by the fireball itself.  Only after
the tireball has risen sufticiently and betfore the cjecta talls back

would the stew ejecta be signiticant.  The fireball dust model accounts

tor the cruter ciecta which is catrained into the rising fircball.

e lose Tittle systems significance by ignoring the stom cjecta.

in Reterence 14 the carlyv-time lofted stem dust densities have bear
extimted by combining VORDUM code predictions with the availenle photo-
araphic data of the stem time history.  There are tairly large uncertaintos
tn the caleulation of the stom densitics.  As would be eapected, thore ure
. no o direct experimental measurcments ot the dust density o g nuclear sted

with which to compure the calculuated estimates.

Figures Lo through 28 trom Reference 1 show the estimatoed densities
for @ ranye ot burst yields and altitudes. The solid Tines in the .-
nres are the best estimates ot the densities.  There is no detinite tune-
tional dependence of dust densities upon helght of burst evident irom
the valcutations; theretore we assume no height ot burst dependence. we
ddopt the best cestlmate curves as our primary data, and devise the

following fit.  The curve it is also shown in the figures tor comparis=on,

Let
_ -8.1/3 ) -7 173 e - .
5.2 x 10 WO o= 5.2 x 1o L W o 5 M = S000
‘ > X (KT) 5 1 “U\” ) v 1] AN
u‘l = l . .
5.9 x 1077 goem” WS ML = 5000 KT
RN
. 1/5 ,
It o= 20w 20:
Ryrf) e (120a)
R ikmg = 0 ‘:s_wvt:/_l‘[‘,) (120b)

1s a characteristic density when the stem radivs is Rl. The curve tit

to the stem density 1s
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’ S
] Fhe first term aceounts tor the ecarly time vapid talloft while the sccond
{ tern accounts for the late time behavior. The late time functional de-
4 pendence is eguivalent to assuwing that the total dust mass per unit length
ot the stem resmains constant as the stem radius expands; ie, this is
AUsST Hass conservation assumption.
Code calculations indicate that the air flow ficlds 1n the stem
region are strong enough to loft soil particles of about I centimeter
" Oor so in diameter, if these particles arce initially lotted into the tlow
ficlds trom the soil surtuce (Reference 15 ). We extend the particle
size groups chosen for the pedestal model up to 1 centimeter in diameter
tor the stem size groups; Table 15 shows the stem size groups.
Table 13. Stem dust size groups.
Group . Minimum Diameter of Maxjmum Diametef Of‘
article in Group (cm) Particle in Group {cm)
é' 1 0.001 0.004
2 0.004 0.01
3 0.01 0.04
' 4 0.04 0.1
5 0.1 0.4
f 6 0.4 1.0

In Reference 15 the trajectories of dust purticles up to 1 centi-
meter diameter are studied by means ot the STEM code. The caleulated

trajectories depend inoa complex manner upon yvicld, hetght ot burst, and

inttial assumed particle injection velocity.  The calculations considered
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times out to o0 scconds and burst heights between 20W UKL and 200k
(NT) teet.  These theoretical data are not complete cenough to allow un
analytic model of stem particle motion to be developed; morcover we do
not hnow the proper Injection velocity to ase. Hence, we will develop
a very simplified stem particle motion model for use until more complete

theoretical data are available.

e begin by calculating the maximun altitude, | that cuch size

Hov,)
S
sroup can be carried.  We take the characteristic air velocity to be
that of the average stem velocity, \S, of I'quation 115, Wc then substi-
tute V' into the rerminal velocity tquation 1010 and solve tor , . This
s .

et

1s the density o flow field of velocity Yg must have in order to just

offset the gravity force of a particle of Jiameter d

cm , .

We assume that the stem flow ficld carried o particle of diameter di

upward to an altitude where the ambient density is . The

UISM) i : Cy
tlow tield can loft only those particles for which

X

’ ] . ~ v

a’i 0

where o is the ground level air density. Tor the characteristic particle
(&)

diameter dy ot Lguation 122, take the maximun diameter of the particles in

group 1.

The altitude ot cach size group cvlinder is identical to the stem

altitude, Hocth, until the altitude (b is reached. The group cyvlinder

SIS
altitude stops, then falls as the stom tlow ficlds weaken. We again usc
the minimun diameter of the group size to calculate the tall velocity
(dgaln to crudely compensate for the fact that the air is certainly not
quict;.  We usc the terminal velcity equation to calculate two fall

)

velocities V and vhere Voo is the velocity at altitude (1

hi o1’ hi SMU
and \)i is the velocity at ground level. For small particles these
. )




velocities will be about the same and we can usc the average as o .onstant

tall rate.  For larger particles the full rate will be larger at the high

altitude and will diminish as the particle cencounters denser alr at the

lower ultitudes.  Assume that the velocity is o simple linear function of

altitude,  Then

vill) = v o4 e (V- V)
0 ”SM h 0
and
_ dn
vitl) = - at

solving the first-order differential equation for H, we have
yh_\.o
B \h“bh! 1 - \- HbM— (t - tf\‘) t ot
SMOTOV -V ‘ T s
h "o

H(t) = H

where teg is the time the full begins. For small particles

Y and we take
0

Hit) = fgy = Vot - tp) S

lience the time history of the altitude of each group cylinder 1:

e - { Ho(t) to o (t. ).
1 ' H(t) (eqs 125 and 1206 ) t > (t

and (tfs)i is the time at which HS(th)

() -

1123

1121

(125

(1.¢

(127



" TTe ST mEe T

o

1o.

REFERENCES .

Stanton, M.J., et al, Nuclear-Induced Optical Phenomenology Program
(1976-1977), General Electric-TEMPO, August 1977, unpublished.

Lentz, W.J., "Generating Bessel Functions in Mie Scattering Calcu-
lations Using Continued Fractions,'"App. Opt., vol 15, no 3,
pp 668-671, March 1976.

Layson, W.M., et al, Nuclear Surface Burst Debris and System

Vulnerability, vol I, General Research Corporation, August 1969,
unpublished.

Gicking, D., et al, Technology Support for Envirommental Defense,

Science Applications, Inc., September 1975, unpublished.

Wobschall, ., "A Theory of thc Complex Dielectric Permittivity

of Soil Containing Water: The Semidisperse Model," IEEE Transactions
on Geoscience Electronics, Volume GE-15, Number 1, January 1977.
Hanai, T., '"Dielectric Theory on the Interfacial Polarization for
Two-Phase Mixtures," Bull. Inst. Chem. Res., Kyoto Univ., VbZ\39,
pp 341-368, 1961. Also see Electrical Properties of Emulstons,
Emulsion Science, P. Sherman, ed., New York, Academic Press, 1968.
Keller, G.V. and F. Frischknecht, Electrical Methods in Geophysical
Prospecting, Pergamon Press, 1966.

Proceedings of the DICE THROW Symposium, 21-23 June 1977, Volume 2,
DNA 4377P-2, DASIAC, General Electric Company-— TEMPO, July 1977.

Burns, A.A., DICE THROW UHF/SHF Transmission Experiment— Preliminary
Results, SRI International, January 1977, unpublished.

Burns, A.A., and R.E. Winkelman, DICE THROW UHF/SHF Transmission
Experiment - Dielectric Properties of Dust, SRI International
March 1977, unpublished.




Nt 4

11.

12.

13.

14.

15.

16.

17.

18.

Kirsch, J.W., et al, Neur-Surface Dust Cloud Phenomenoloyy, DNA
3962F (SSS-R-76-2827), Systems, Science, and Software, April 1976.
Powers, J.T., R.T. Liner, and J.E. Mansfield, Precursor Sweep-u;
Dust Cloud Model and Thermal Model Development, DNA 3876F (SAI-75-
594-WA), Science Applications Inc, McLean, VA, December 1975.
Liner, R.T., et al, Nuclear Precursor Phenomenology and Sweep-up
Dust Cloud Model Development, DNA 3781F (SAI-74-627-WA), Science
Applications, Inc., McLean, VA, November 1975.

Seebaugh, W.R., Estimates of Early-Time Stem Dust Densities for
Scaled Heights of Burst from 20 to 200 Feet, Science Applications,
Inc., McLean, VA, October 1975 (Unpublished).

Hains, F.D., Early-Time Nuclear Cloud Stem Fratricide Environments,

Science Applications, Inc., McLean, VA, August 1975, unpublished.
Kirsch, J.W., Near-Surface Nuclear Dust Cloud Studies, DNA 4332F
(585-R-76-2828), Systems, Science, and Software, January 1977.
Hartenbaum, B., Lofting of Particulates by a High Speed Wind, DNA
2737, Applied Theory, Inc., September 1971.

Hare, Robert, General Electric-TEMPO, Personal Communication,

January 1975.




n APPENDIX A
MIE COMPUTER ROUTINES

In this appendix we give compute: listings for two versions of the
improved Mie routine. The first version, MISCAT, calculates the Mie
efficiencies for extinction, scatter, and backscatter. The second
version, MIE, calculates the Mie efficiencies for extinction and
scatter and the unnormalized scattering pattern. From either version,

the Mie efficiency for absorption can be found from

- “ags = wxr T Wca (A-1)
The unnormatized scattering pattern calculated in MIE is
syt = > (A-2)

(=)

2m

where S(b) is the scattering pattern given by Equation 5 in Section 2.
For the MIE version, the backscatter efficiency, if desired, can be
calculated from

JSU(n)

Grs = T 7 (A=3)
)

where o is the dimensionless size parameter defined in Section 2.

The complex function routine ANF evaluates the complex function

An(Y) (kquation 19 of Section 2) and is used by both the MIE and MISCAT

routines. Computer listings for ANF are also included here.

{‘ 95 !
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SHRROUTINE MISCAT( XNs DRy DI+ GBSs QEXTs QSCA )

THIS 1S5 A MODIFIED WOE ROUTINE - MODEL EQUATIONS DOCUMENTED IN
REPORT GE77TMP-22

THIS ROUTINE USES MIE THEONRY TO CALCULATE THE EFFICIENCIES FOR
SCATTER(TOTAL) » BACKSCATTER AND EXTINCTION FOR A SINGLE UNIFORM
SPHERICAL PARTICLE

INPUTS

XN = NORMALIZED SIZF PARAMETERs WHICH EQUALS TWO P1 TIMES
THE PADIUS NF THE SPHERF NIVINPED BY THE WAVELEMGTH OF THE
INRCIDENT RANDIATION

DR = REAL PART OF THE COMPLEX INDEX OF REFRACTION OF THE
SPHERE

D1 = IMAGINARY PART OF THE COMPLEX INDEX OF REFRACTION OF THE
SPHERE

NOTF TWAT THF CONMPLEX IMDFX OF REFRACTION IS ASSUMED TO BE
N = DR = I#07

aUTPUTS

n5CA = SCATTER(TOTAL) EFFICIENCYs WHICH EQUALS THE (TOTAL)
SCATTERING CROSS SECTION NIVIDED BY THE CROSS SECTIONAL
AREA OF THE SPHERE( SIGMA/ (PI#RADIUS##2)

NnRS = BACKSCATTER EFFICIENCY, WHICH EQUALS THE SCATTERING CROSS

SECTION( IN THE RACKWARDS DIRECTION) DIVIDED BY THE CROSS

SECTIONAL AREA OF THE SPHERE( SIGMA/ (PI*RADIUS#*%*2)

EXTINCTION EFFICIENCYs WHICH EQUALS THE TOTAL (SCATTERING

+ ABSORPTINN ) CROSS SECTINN OF THE SPHERE DIVIDED BY THE

CROSS SECTIONAL AREA OF THE SPHERE

CEXT

e NaTatatalaatatotatatataXatalaXalakaiakakaZaXakalakalaRakatal

DIMENSION ANR(200)

COMOLEX DeZeFMN1sEM2sENIANFaANRIANZ ¢ AN9BN9IBSC

N = CMPLX({ DRe =DI ) '

X=AMIMN1I{ 100ee XN )

2 =X ®D

EM1 = CMPLX( SIN( X )s COSC X ) )

EM2 = CHMPLX( COSC X s =SIHC X ) )

OBSC = ( 069 00 )

NEXT = O

NSCA=0,0

MX = 145 * X

NX="MAXO0( 24 NX )

ANR(NX) = ANF( KXse 2 )

NXML = NX = 1

PO 10 §J = 1s NXM1

N =2 NX ¢« 1 =]

CN = FLOAT( N )

AMR(N=l) = CMH /7 2 = (les0e) 4/ ( CN 7 Z + ANR(N) )
10 CONTIMUE
X2 = X #% 2




vt s

i
TSI T

- yol

OME = -1.
DO 30 N = s 200
ONE = -ONE
FN = N
Cl = 2¢ ® FN = 1.
; FM = Cl * EM]l / X - E42
F IF (N oLEe NX ) ANZ = ANR(N)
| IF (N oGTe NX ) ANZ = ANF( No 7 )
3' CFNUX = FN / X
Ct = REAL( ¢N )
C? = REAL( £M1 )
A ® ( ( ANZ 7 D 4 CFNOX ) * C1 = C2 ) /
1 C ( ANZ /7 D ¢ CFNUX ) % EN = EM1 ) 1
N = ( (D = ANZ ¢ CFNUX ) = Cc) = C2 ) / f
t ( (D » ANZ ¢ CFNUX ) % EN = EM1 ) '

XFACY 2 2, = FN ¢+ 1,

: XFACB 3 ONE » ( FN ¢ 0,5 )
; NEXT = WEXT ¢ XFACT % REALC AN + AN )
RSCA=USCA+XFACTe (CARS(AN)*224CABS(RN)%xa?2)
UBSC = UBSC ¢ XFACR & ( AN = gn )
EM2 = EM)
EM] = FN
IFC v B, 1 LOR, FN LLT, 1,2 «» X ) GO TOD 20
i IF ( ARS( t, = AMAXI( QWEXT, QFXTST )} /7 AMINLI( QEXT, QEXTST ) )
‘ 1 lbe 1,E=3 ) GL TO 40
. 20 QEXTST = WEXT
; 30 CONTINUE

40 REXT = 2, & QFEXY / X2

- ; GSCA=2,0%USCA/X2

= i AAS = 4, % ( CARS( WBSC ) #x 2 ) / X2
' g RETURN
| : END

.l |

e e v o n = ewmbe —ee—— R
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SHRRNUTINE T8 ( X, DR, LI, GSCA, whkxT, 5 )

THIS 1S A wing ROUTINF @ MODFL FUyATINS Awe DUCUMENTEY TN wridi W]
GF77TMpagy

TRIS ROUTINE OSES MIF  THEUKY To CALCUILATE Twe FFEICTENCIFS boow
SCATTERIMNGL adMD ARSHFPTTION AND THE SCATTERING FATTERS Ffiw 2 51 61 F
UNTFNRM SEHEK[CAL PARTTICLE

INPYTS
X = LORMALTZED SEZE PARAMFTIFK, wnlCH Funals Twi, ¥1 T1v+S
THE KADIUS OF THE SPHERE DIVIDED nY THE W AVELFAGTH 0F Tt
INCTRENT RaDIATTON

Dk = KFEAL PART F THF CUMBIEY [MDF X 1iF wBEFRaC IO fr -t
3PHF xE
i1 T IMAGTINANY FART (F THF CiMPLER [MDFX F kEFmACT ot b Tpt
SFHERE ’

NGTE THATY TwE CMPLEX THUDFEY iifF WEFRACTIN 1S aSSutfkic T: me
N = 'R = JaDT

Nnuteurs

SCA = SCATTIRwING EFFICIENCY, amICH ELUALS THE SCATTRERT 0 (Rt 85

SECTION F THE "SPHERE IVIOFEDR RY THE CFOSS SFOTT. AL Awe 2

LWE THF SPHERE ( STOMAZ(PIARAOTIHIS2%)

EXTINCTTION BRFTICIENCY, wwICwH FrltalS THF TOHTAL  SCallrwl-

¢ ARSOWPTIUM ) CRUSS SECTTEn 1iF TRE SPrFwf DIVITEL My Tet

CRiSS SELTINMAL AREA F THE SPHERF

S = SCaTTERTNG PATTERM (F Tk wAOTLATIOS HCATTIFRE wy Tee
SPHFRF, ASSUMING INCTIDENT VI AR T 76 FonTalloie, SL)) =
SCaVTTRRING FUNCTION £k TR SCATTERL R ALGLE rbSF G 8] uF
IS O 120Jet1), S TS UNeNitRMALTZB, TetAT S, Yok [MTESest
F S NvER 4 °T STERADTAMNS EJUALS Pl *SCAsYsep

QExT

DIMENSTUN S(E21)Y, x™I(21), S1(21), S2(21), PRI(2Y), #Ps(21),

1 PTI(21)Y, PT2(21), PT(21), PP(21)

DIVEMNSTUN ANR(200)

CtiMPiLeY Dy, 7, BM1, EM2, FN, Sy, S¢, aif

CuMPLE X AN, (v, ANZ, AN, nn

Cri4PLrx Ca, €1, C2, CFNOX, Cxfpa(CT

DATA xMU / =1, =,9, =3, =, 7, =,by =.5, =,y =,3, =uls =oVs 144
1 o" o)l -‘l oty -<' O 7' -Al .Q, ‘o /

SET VALUERS F COMPIEY TanDEX 8 kFFGLACTIIIN, STZF PaRaAMETFW, ot ;
MIE VARIARLF

2 eMPLX( (R, =NT )

s = x

7 = Cx o b

SET IrTTIAL vALHFS (:F RICCATT«HESSFL FUNCTTIN
FMy) = CMPLY( SInC X )Y, COISC x Y )
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Co aa

[ Nl

laEnlnkel

10

Y2 3 (MPLX( COSE X Y, =SINC ¥ ) )

2B HIT EFFICIENCY VARIAWLES Ann SCATTFRING FAITERN VARIAVLF,
M S 1 21, 29

S1¢1y = 0O,

S2(1Y = ¢,

PPI(TY = 0,
PTIC(TI)Y 2 u,
PP2(1) 3 u,
PT2(7) = v,
CriNT TNt
QRrA o,

nEYY = v,

SET 11D ARwAY F ANF valLUF, e nSE LLENTYZ RACKAARDS =ECH-SIN’
TeCrr]Aue

N T 1,5 ¢ X

NY = o~AX0( P, MINOCL NX, 200 ) )

Ank(r ey = AnF( "X, () ;
NaAM] = NY e :
Ny tn T =2 1, ~NXv d
N 2T ta ¢ | = ] k

Cn o= FLOHATCO N )
ANE(Nat) = CN 72 2 = (1,00,) 72 ( UN 7 £ 4 btin(r) )
CONTY I

CALCHILATE TNF FRFICIFNCTES A SEATTERTI G OATIERS Lglry TaF ~IF
TrRE IMTTE SERTES FXPanNSTIE Flikktil AS

M 1 no 3 1, 200

Fr

s N
C1 = 2, » Fty = 1,
FA 2 C1 # FMt 7 Fx = k%2
1F € v oltse NX ) AN/ = ANk (M)
1F (% JhRT, NX ) AN/ = aME( ', /)

CFNUX 2 FN o/ o
Ct = wFAL( ¢N )
C2 = wrFalL( £M1 )

At ( ( ANZ / b ¢ CFrlid ) » () =« C¢ j / !
( ( AN2 7 1 ¢ (FRNDOXY ) e E*% = F*1 )

By o3 (o & AMNZ « CFiiX ) »# Y = (/2 ) 7 i
t (1 *» a%72 ¢ (FRNIX ) & pr. e FaY ) h

YEA(Y = ( 4, &« F* &+ 2, ) / x wasy

WSCA = 4SCA & XFACT » ¢ (ARSI Al ) way/ ¢ (ARS{ &~ ) w2 )
VYT =2 YFRT & YFPACT o wip 8L ( AN ¢ nn )
EMP = EM|

s Fh

IF € n ,6T, 2 ) 60 1N ¢
IF (" 4k, 2 ) G, Ty 7




w r— ey o

i '

aXe]

[ Nal

1

PTE1Y = xMu(D)

Gt TA R

PP(IY = 3, » xMu(l)

PTClY = 6, * xMy(l) wap = 3,

Gu 1IN A 1
PP(IY = ¢ ¢ 2, & FN =« 1, ) * xMy(1) = PPI(]) = FN & Prp(]) ) 7/

(FN-‘.)
PT(IY = xMu(l) & ( PR(]) = PP2(T) ) = ( 2, * Fiv = t, ) x

( 1, = XmMU(I) =22 ) % PP{(]) « PT2r1) ;
CXFACT = ( 2, #* FN ¢ 1, ) / ( FN %2 ¢ FN ) 1
Cl = PP(I)
€2 = PT(I)

S1(I) = S1(1) ¢ CXFACT & ( AN » Cl + BN =« C2 )

82(1I) = S2(]) ¢ CXFACT » ( BN » C1 4+ AN & C2 )

PP2(T) = PPI(]) .
PT2(I) = PTI(])

PPI(T) 3 PP(])

PTI1(1) = PT(T)

CONTINIE

IF( N EQ, 1 ,0OR, FN LT, 1,2 » X ) GO TU 2

CHECKX IF THE INIFINITE SERIES HAS CNNVERGED
IF ( ABS( t, « AMAXIC QEXT, QFXTST ) / AMINI( GFXT, QGEXTST ) )
«LE, S,E=3 ) GU TO 3

CONVERGENCE HAS NOT HEEN REACHFD, COMPUTE NEXT TERM IN SERIES
QSCAST = uSCA

QEXTST = WEXT

CONTINUE

SERIES HAS CUNVERGED, COMPUTE THE UNPOLARIZED SCATTERING PATTEWRN
DO 91 =1, 21

SC(I) = 0.5 » ( CABS( S1(I) ) «22 + CABS( S2(1) ) =»2 )

CONTINUF

RETURN
END
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COMPLEX FUNCTION ANF( IMDEXs Z )

THIS IS5 A WOF ROUTINE - DOCUMENTED IN REPORT GET7TMP-22
THIS ROUTINF 1S CALLED RY MISCAT

THIS FUNCTION EVALUATES THE COMPLEX QUANTITY A(Ne2Z) WHICH IS USED
IM THE MIE FORMULASs WHFRE

A(NGZ) = =N/Z + JIN=1/2+2)/J(N¢1/247)
, 7 = MRALPHA
! f = M(PEAL)=I#*M(IMAGINARY) = COMPLEX INDEX OF REFRACTION
ALPHA = ZxPI*R/WAVELENGTH = NORMALIZED SIZE PARAMETER
R = RADIUS OF SPHEPE
R N = OPDER OF THE FUNCTION
J = BESSEL FUNCTIOMN OF COMPLFX ARGUMENT AND HALF-INTEGER

ORDEPR

THE METHOD OF EVALUATION USES THE CONTINUED FRACTION ALGORITHM OF
WILLIAM J LENTZ « GENERATING BRESSEL FUNCTIONS IN MIE SCATTERING
CALCULATIONS USING CONTINUED FRACTIONS
APPLIFD OPTICSs VNLe 15+ NOe 3+ MARCH 1976

INPUTS
INNDEX = ORDEP OF A(NsZ)s THAT ISs INDEX = N
: z = COMPLEX ARGUMENT
AQUTPUT ]
- ANF = A(N+2) ]

a¥a¥alalaNaNalalaNaNaNaNaNala¥aVNalala¥aXaXa¥akaNealaRaXala)

- COMPLEX Zs ™Ns Dy Ty PNy PDy Tle T2 4 E

C
¢ C DEFINF ARITHMETIC STATEMENT
Cl X ) =2, %5 % ( FN = 0.5 + XI )
C
C SET VALUE OF FIRST PARTIAL FRACTION TERM FOR NUMERATOR (PN}
FN = INDEX
S=-1.
Cp=20*FN*lo
PN=CP/2
- C 3
C SET VALUE OF FIRST PARTIAL CONVERGENT FOR NUMERATOR (N) 1
NzP'I 3
C
C CALCULATE SECOND PARTIAL FRACTION A4D CONVERGENT FOR NUMERATOR
Cp="2.*FN"3c
T=CP/2
PN=T+(1e40,)/PN
N=N®PN
C ;
C SET VALUE OF FIRST PARTIAL FRACTION (PD) AND CONVERGENT (D) FOR
C DENOMINATOR g

e
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10

20

30

40

CALCULATE THE HIGRSR ORDERS OF THE PARTIAL FRACTIGNS AND
CONVERGENTS

X1=z2

PO 30 J = 1 « 100

XI=XT+1,

S = =5

T=C0X) /s 2

PN=T+(les04) /PN

PD=T+(lesD4)/PD

IN THE RARE INSTAMCE THAT THE NUMERATOR PARTIAL FRACTION TERM IS
NEAR ZERO, USE THE LENTZ ALGORITHM I4PROVEMENT METHCD TO INSURE
ACCURACY

I[F € CABS{ PN ) «GTe leF=4 ) GO TO 20

S = -5

XI = XI + le

Tl = CC X)) / 2Z

E = T1 # PN + (1l490s)
N = N ® E

S = =5

X1 X] + le

T2 = Ct X)) /7 2
PN = T2 ¢« PN / E

IF THE DENOMINATOR PARTIAL FRACTINN TERM 1S NEAR ZEROs USE THE
ALGCRITHM IMPROVEMENT METHOD ;
IF ( CABS( PD ) +GTe leF=4 ) GO TO 10 i

E = T1 *# PO + (1e90e) }
D=0 =x*»F ]
PD = T2 + PD / € ;
GO T0 20 ;
D =D * PD ;
PR=Til+(les0e)/PD E
D =D »* pPD ]
PD=T2+(les04)/PD |
N o= M o% PN

Nz 3 & PD

CHECK IF CONVERGENCE HAS REEN REACHED
IF ( ABS( CABS( PN )} / CABS( PD ) = le ) eLEe 1eE=6 ) GO TO 40
COMTINUE

CONVERGENCE HAS REEN REACHEDs SFT VALUE OF ANF
ANF = «aFM s 2 « N / n

RETURPM
FND
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APPENDIX B
IMPLEMENTATION OF THE GENERALIZED POWER LAW SIZE DISTRIBUTION

The power law size distribution for nuclear produced dust particles

is given by kquation 26, where p is the power law exponent. In the

present WEPH model, p is taken as 4.0, a value representative of dust

particles generated from loose unconsolidated so

p model is easily generalized to an arbitrary p.

ils. The present fixed

We first present those

model equations which are changed due to an arbitrary exponent; then we

give a computer listing of the revised computer routine PGROUP. PGROUP

calculates the extinction and backscatter cross

for a given size interval of dust particles.
The generalized model equations are:

Number distribution
f(a) = K a ?

S

Total number of particles

K
__S 1-p _ 1-p
Ner Tpol [as % ]

Fraction of particles in size group i

N l—p_ 1-p
N S S

Ni = Ny, o 1P _ 1P
s %

103

sections per particle

(B-1)
(B-2)
(B-3)
# 4
(B-4)
=4




Normalization constant

12
5.44 x 10 FMW

ﬂpb

Backscatter c¢ross section

TI(Pl)
SN E %
j=1

1+1

a.
P ["‘bf“’”“ ‘ff }'1

Extinction cross section

- ﬂ(p l)

d(a.”

Ihe computer listing of subroutine PGROUP follows.




aNeNeNel

(@]

SURKNOTINE PARROUP( JGKIMIP, FrFie, DIECH, U1ECI, » )

RANC ROUTINE MODLTETED FOR IISE TN wEPH

THTS ROUTINE CIIMPLTES THE AVFRAGF oLCrSCATTER ARD F XTI NC T

CrMN38 SECTINONS FOR A SPECIFLFL DHST PARTITLLFE GWi P

THPUTS FROM CALL STATEMENTY

FREQ = FREAQUENCY, MHZ

JGRINIP = NUMRFR NF DUST PARTICLE GROUP

NIZtw = WEAL PART UF CUMPLEXY [nDEX OB =FFRACTIUw

AR = [MAGINARY PART (F COIMPLEX [%nFx GF REFSACTTIHG 0Tk Ter)
THE INDFX HIF PFF’RACT]'IN IS M =2 CIFCw = T 1ECT S v 1w
sOTH DIFCR AND DIF(CT arF RPOSITIVE )

P = EXPONFHT W GFNERALTZF0 PUORFR [ Ar PRoHar[L]TY

CISTRIBUTTINON

DUTPHTS T TJEST CUMMOIN ARFA

S1GE =T A/ERAGE EXTINCTIOM CRMSS SFCTION, Mg
SIGK = AVFRAGE ©BACKRSCATTER (CRLSS SECTILULIN, M2
SIGS = AVERAGE SCATTER CRNSS SFLT[On, M2

CiymMnd /TEST/ NPG,AHAK(11),STIARR(10),STeE (10),3]16LS5L12))

TMTTUTALTZE VARIARLES FiR CuMpUTING AVERALGFE HACASCATTER awl

FXTINCTION (RPI!SS SECLTINONS

PI=3,1415927

X{_ aMNDAzZ S  EU/FRFN

FxsPT/zYLAMDA

IPG=JGKUP

IPCL=IPL#]

A1ZARAQ(IPG)

X=Al#F X

ralL MISCATC( X, DIFCR, DIECI, ¥YKRT, X«FT1, XKS| )
A2zaRavw(IFGY)

A3zsAPxe(t eP)

A3fz41#ex(],Uu=P)

FNPI=tAdl=A3)

NELTAzAZ=A]

JMBXSMAXOD (1 ,SeTFIX(AMINIC(L D, (A2/81) /7))
DELTAZNFLTA/FLOAT(JIMAX)

SGH=Nn,

SGFzn,

Suys=0,0

P 100 Jst,JMax

APzAY+NELTA

XzAZ2ap X

CALL MTSCATC( x, DIFCR, DIECI, XKk, rxE, X¥S )

COMPUITE PUwWER LAw APPRNYIMATIAN F(1% HACKSCATTHR AnG)
EFFICIFNCES
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c
) c
?
4
C
C
10
20
C
c
c
40
50
60
c
R0
100
c
. c
¢
r
I
f

ApNEAZALNG(AR /AL

XAZAL NG(XKH/XKRT)/ALNGA
XESALNDNG(XRF Z/7XKFTY/ZAL 4
ASSAL . IG(XKS/XKSTIY/ZALNIGA

CUMPUITFE SCATTER CROSS SECTIN

X1=xS=be3 0

TFE xt ,Fty, 0,0 ) Gir Tu 2
SLSIZIxSTACFXP(XT*AL(1IGA)=] ) /(X1 2Ala(F=3 11})
G TN u

SGSUSXKIT*ALNGA/ZAL weY s

COMNT TN

CoMPHITE HACKSCATTER CRUSS SFLTTUN

Y{2kReP+ 3,

TErxtYtu,2C,10
QGRJxKHTA(EXP (X1 *ALNGAY=1,) /(X141 x&(P=3 )
Gur T 40

SCRJsxmb AL NGA/AL 22YH

COMPUTFE FATINCTIUN CRNISS SFCTTnN

X{=aFefed,
IFtx13Y¥80,00,50
SGEJAKET#(EXP(x12ALNGA)=1 )/ (x1s8)as(P=3 ))
G Ty |/q b
SGEJ2x«xETxALNGA/ZAL v %Xt

ACC IMULATE WSS SECTTIUNS ]
SHHIZSGH+SGR ;
SGFSQGF +SLFJ
SGS=]0LS+SLS)
Af=4p
XKATs Xk
xkfFlzxxt
XRST=xxS
CUNT THEIE

e

CuMPIITE AVERAGF RACKSCATTER ArD FXTINCTINN (KOSS SFECTTEAS CweoS
SECTINNMS FFW PANTICLE (Mxap2)

SIGRITPLIST MGUE =S+ (Pa) D) #5CR/ZFNPL
SIGE(TIFLIZT ,ASUL=5x(Pe=i D) aS0GE /FNPY
SIGSIIPLYIZT ,AGUE=S*(Pe] D) RSGS/FAR]
RETURN

ENC
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APPENBIX C
SOLUTION TO CUBIC MIXING RULE EQUATIONS

The two mixing rule equations are (see Section 4)

3 - 2 2 *3
e*” - 3 eae* + (3 EZ - C)e*x - €q = 0 (C-1)
3 2 2 3
*Y _ 7 ok %k *& * =
e 3 €3 €n * (3 €3 D) en - 85 0 (C-2)
where
(1-0)°(er - en)’
C = - (C-3)
m
3
*
) (e* - ad)
D= —s— - (C-4)
(1-¢)7ek

The cubic equations (C-1 and C-2) can be solved for €* and e;, respectively
(the other parameters assumed known) by the standard cubic equation formulas.

Some care must be taken because the coefficients are complex. Let

’ g¢* for Equation C-1

z = (C-S)
( e; for Equation C-2
P = -3 63 (C-6)
2 k2 Co
’ 5ei - C for kquation C-1
Q = /
l 3 632 -D for kEquation C-2 (C-7)
R=- ey’ (C-8)

Our cubic equations are now in the standard form

23 e pl iz eR=0 (C-9)




- | but with all quantities complex. As in the case of real coefficients,

define
g
a = %(3Q-P2) (C-10)
1 3
b = ﬁ(zp -9PQ+27R) (C-11)
b2 as’ {
! e = \/T 3 (C-12)
!
f = -£b+e (C-13)
2 1
1
g = -5b-e (C-14)
:
= . 1/3
A = fl, the first complex root of (f) (C-15)
= 1/3 .
8,:8,:83 = three complex roots of (g) . (C-16)

It does not matter which of the two complex roots is taken for e. By con-
vention we take the first root. The three complex roots of f and g are

ordered in the following manner. Write

£ = fp o+ if = rel? | (C-17)
where
: r = ‘/fé . fi (C-18) |
N e i = V"l ‘
K
-m <O < )

fR,fI,r, and 6 are all real quantities. |

/3

The three roots of (f)1 are ordered as

s

fl - r1/3 e16/3 (C-19)
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vy " o M e i e " , - 3

fz - r1/3 ei(9/3 +2/3m) (C-20)

¢ A1/3 ei(6/3 +4/3m) (C-21)

3

/3

The three roots of (g)l are similarly ordered. Form the three trial

solutions,

= C-22
t Asg (C-22)
t, = A+g, (C-23)
t3 = A+ g3 . (C‘24) 1

Substitute the trial solutions into the reduced complex cubic equation

t3 +at +b = 0 . (C-25)
One of the three trial solutions will satisfy the reduced equation. Let
B be that value of 81> 855 &3 of the successful trial solution. Then the

threc complex solutions to the complex cubic Equation C-9 are

Z = A+ B- 1 p {(C-26)

1 3
i3

3 1
5 (A-B) -

i
3}

Laem . (c-27)

123 (A-B) - % P (C-28) |

- % (A+B) -

A computer program has been written to solve Equations C-1 and C-2.
The inputs for Equation C-1 are ea, e;, and ¢; for Equation C-2 the in-
puts are ea, €, and ¢. The input format is I11,E9.0,4E10.0, and the in-

F put parameters are arranged on the data cards as shown below:

BT S TR 4 2 SPYTOR VT, REPRTINIFRIR' & SR Yo S LR R N

———— e+ a




Column 1 10 20 30 40 50 60 70 80

* * * *
1 Re(cd) Im(ed) Re(em) lm(Cm) ¢
2 Re(aa) Im(ca) Re(e*) | Im(e*) ¢
Re = real part of Im = imaginary part of

The 1 in column 1 indicates that it is Equation C-1 that is to be solved;
a 2 in column 1 indicates that Equation C-2 is to be solved. As many
cases may be stacked as desired; a blank data card is placed at the end
of the data deck to signal end of data. Note that the input for the

imaginary parts of the relative permittivities are negative. That is,

for
E; = g' - i¢g"
then
Re(e::j) = €] >0
Im(e:j) = - ey <0

The output consists of
1. The input parameters
2. The real and imaginary parts of P, Q, R of the cubic Equation C-9
3. The real and imaginary parts of the complex solutions Z1, 22, 23 of
Equations C-26, C-27, and C-28

4. The real and imaginary parts of the square roots of Z1, Z2, Z3.

One of the three solutions Zl, Z,, 23 is the proper solution for e*
for Equation C-1, or e; for Equation C-2. We have arranged the program

so that for all cases we have run, the proper solution has been Z It

is conceivable that on a different computer or for some special i;put
values, the proper root may not be Zl’ Therefore as a precaution, we print
out all three roots. Generally the proper solution is obvious. The
proper solution for €* or e; must have a positive real part (¢') and a

negative imaginary part (-€'"). Two of the solutions may satisfy the
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e

] positive real and negative imaginary criteria, but in our experience
the proper solution is obvious from the magnitudes. The square root of i
- the relative permittivity is also computed since this is the index of

refraction, which is nceded for propagation calculations,

A (C-29)

| mo= mp - im o, (C-30)
so that
m, = Re(m) (C-31) !
mo = -lm(m) . (C-32)

1

gy

As in the case of €* and ¥, the output for m has a positive real part
. P P P

and a negative imaginary part. 4

The listing of the computer program follows. The program consists
of a driver routine and the two routines which solve the complex cubic
Equation C-9. The complex cubic equation routines are general routines
which can be separated from the mixing rule driver and used to solve any

! complex cubic equation.
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30

THiS 1S THE DRTVER RODUTINE FUR THe CUMPLE X CUMIC “Taleof i

DOCUMENTATION IS GIVEN [N APPEMLTIX ( 15F
JUST CLOUD MUDELING A% PRUPAGATI(N FFFFCTS
Filh KAT AR aND) COMMUNTCATIONS CL0ES
GF7ATMP<HT (CT.IREN 1978
BY JAMES B THOMPSIN, GENERAL FLFCTRIC = [FuPi:

ChMPLEX F, FM, £n, Cy Dy Py 4, Ry 21, 72, 73

LTAPE TS THE [NEUT TAFE NUMRERQ, JTAEFR 1§ THE (n3{PHT Tabs St o

THE VAL UES RAVE HeF. SET aT ITTAFE = & avl) JTAFF = n sl Tebsk o

BE CHMANGED FMiR aNy LOMPUTER Ry WESFTTING THE FiIQLitalnG [TADE &¢ -
JTAPF STATEMFNTS

ITaPF = §

J1APF = ¢

READ TNPIT FIOR FIRST CASF
READC TTAVE, 11 Y »ongE, YW1, xI1, xw2, xTe, #1l
FURMATC 11, F9,0, 4E1u,0 )

CHECK TF ALL CASES HAVE HEFN gUN
IF( »anE ,LF, 0 ) STNP

SET vALUE OF 0
FD = CMPLX( xmy, xT1 )

CHELX wrICH EGUATIAN IS Ty, BE SULVFU, Cel O+ (=g
TE ¢ wank B0, 2 Y 61, IO 20

EOGIATION Ce] IS T 8F S{LVED

EM = cMPLX( XR?2, xl12 )

C 3 € 1,0 = PHT )x%3 & ( fM = El} Y%a3 /7 Fm
N2 3, » ENar2 & (

G TN 39

EQUATION C=2 1S TN RE SULVED

CMPLY( XR2, x12 )

(F « END Y2a3 / ( (1, @« PH] J%#3 » ¢ )
3., * £00r2 = )

o0 m
"

-3, * ED
YT X

" M

p
R

CALL CCURICC P,u,R,21,22,2% )




Sl il

|
c whkTTe 00T (0PGT, Felanx VALUES, A0 THE JREEE COPLEX R0 TS T TrE 3
C MItING WULE FO9AT [N ]
[FC »0np k0, 2 ) GI- 19 Sy ;
r
wWhITFC JT8PE, du0v ) mMODE, xR, YI', xkeg, X122, PH]
40 FLRNMAT IRy, mEy TANDF X WEAL(ED) T2AGIMARY (FL) Feag e*)
FIVALTANAKY (FMY il ILLME Fwalllas
21m L18,3x,105¢14,3)
et Ty KO ‘
) C 3
50 awITE( JTAPE, St ) mnuk, a%), 7]1, gxRe, X172, bn| ’
SY) FHNRMAT( NG, R1=F0 TNOFY “EAL(FD) [P AT ARY (F') wE Al (F)
1TAAGTINARY(FY VO UME FRACTTOY 7/
2t 1S, 8K, 1PSFYU, 4
.
el W] F( JTAPE, 61 ) b+, 4, < )
ol FURMATI kg, 884 STANME &RD CURIE FLUAT Lt L FFICTE
INTS 7
1M L, 7724 wE AL (P) I“aGINAKY (P) “E A () IMAGINARY (1) Lfpap (k)
§ 14antMaRY(wY /
dir L, 1PkRE 14,8
C
TE(L “ Nk Jka, 2 Y Gu T6 &80
aw 110 JVaPy, T0 )y /Y, 772, 13
IO FikwAT(1H), TaN THwkE WOCTS F CimPLEx CrrjC
IV[XING wUlle F AT (=t /
214 ,B5Hm (1) wkalL (F) IvAi lrtkY(F (?2) REALL(F) [ran)e tmyyt )
4 $ (3) BEAL(FY  TmaGINamY(F) /
Plr L1PAET4 .Y
Ay T Q0
(
“N ARTTE JTAPE, &y ) 21, 77, 23
Y Frk~vaTlirn,Thx ToewbF mlp TS 0 F CrmbpEx (1, ]1C
AMIXTrG Wit B FUATY Cep
21 MG (1) =FAL(e™) [matt)NvabkY (Fm) () WEAL(FS ) JraGi by (r* )
i 3(3) e AL (™M) TVARINGRY (FMY /
dIm L 1PAE T4, 4
r 4
C CiMPITF TADEX 1B wFFRACT 0N
. Q021208307 (21)
| Tes(SuR1(22)
? 28308 ,90112%)
C
wRlYE J'“p‘i 9 ) I‘l 7?: LS
Q1 FUFAAT(IHO,81H T4 x (F wFrRa( 111/
2ir ,ASH (1) #EAL(M) I~™aLTnAwr (@) (P) REAL(") ImagIvawy(r)
3 (3) esaAl (M) TMAGTINAWY (M) /
1w LAk sE Y4, 3777/
C
f.
G TD 1o ]
(
[ 1A |
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> SURROUTINE CCUBIC( PsQe5421022923 )

THIS ROUTINE CALCULATES THE THREE RNOTS OF A CUBIC EQUATION WITH
COMPLEX COEFFICIENTS

THE CURIC EQUATION IS ASSUMED TO BE OF THE FORM
2HRIIPR2AR24ORZ+520

INPUTS

P CONSTANT COMPLEX COFFFICIENT MULTIPLYING Z%#%2
Q COMSTANT COMPLEX COEFFICIENT MULTIPLYING Z

S CONSTANT COMPLEX COCFFICIENT

ouUTPuUTS

Z1 FIRST COMPLEX RNOT
22 SECOND COMPLEX RNOT
23 THIRD COMPLEX ROOT

COMPLEX Pe(0eS59Z214229234A4B4CoDsEoF 4T

al 2¥a¥a¥a¥a¥alalalalaFa¥aRalaNa¥aRaRalal

Az (3,0%0=P%xP) /3,0
Bz (2e0XPXPRP=G,OXPXV+2T,0%5)/2760
F=CSNRT (B#B/4s0+ARARA/27,0)
Fz=3/240+E
X=REAL (F)
Y=AI"AG(F)
CALL POLAR( XsYsRsTHETA )
R=R%%(14/3,)
THETA=THETA/3,0
o C2CMPLX( R*COS(THETA) s PRSIN(THETA) )
[ Fz=R/2eN=FE
! X=REAL (F)
Y=AIMAG(F)
CALL POLAR({ XsYsReTHETA )
i RzRx#(]14/3,)
' THETA=THETA/3.0
' D=CMOLX( R*¥COS(THLTA) s RXSIN(THFTA) ) 2
! 21=C+D d
: T=Z1#Z21%21+A%721+8 4
‘. IF( CABSI(T) oLTe leE=32AMAX]1( CARS(A®Z1) + CABS(B) ) ) GO TO 10
P123=28.0%ATAN(140)/340
. D=CMPLX({ R#COS{THETA+PIZ23) s R®ESIN(THETA+P123) )
i Z1=C+D
T=21%#721%7Z1+4A%214+R

) IF( CABS(T) oLTe leE=3nAMAX1( CABS{(A®Z1) + CABS(B) ) ) GO TO 10
P Pl43=22,0%P[23
: D=CMPLX{ RRCOS(THETA+PL43) o RRSIN(THETA+PIS3) )
i Z21=C+D
{ TzZ1#421%21+A%2]1+8

' IF( CABS(T) oLTe leE-3%AMAX1( CARS(A%*Z1) + CABS(B) ) ) GO TO 10

‘ 114
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WRITE(64+5)
5 FORYAT (39H NO PROPER SOLUTION FOUND FOR THIS CASE)
10 F=CHMPLX( 0,04 SGRT(3,0) )#*(C=D)/2,0
22==21/240 +F =P/3,0 :
23==71/2.0 =F =P/3.0 !
. 21=21-P/3.0
RETURN
' END
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SUBROUTINE POLAR( XsYsReTHETA )

THIS ROUTINE CONVERTS A COGMPLEX NIJMBER FROM RECTANGULAR(Z=X+]1Y)

TO POLAR(Z=R*LXP(I®THETA) ) NOTATION

INPUTS

X = REAL PART OF COMPLEX NUMBER

Y = IMAGINARY PART OF COMPLEX NiJMBER
QuUTPUTS

R = ABSOLUTE MAGNITUDE OF COMPLEX NUMBER
THETA = POLAR ANGLE OF COMPLEX NUMRER (RADIANS)

THETA IS RETWFEEN =PIl AND +Df

R=SORT( X#%2 +» yax? )

IF( X .FQe 040 ) GO TO 10

IF( ABS(Y) +GT, ARS(14E12%%) ) GO TO 10
THETAZATAN(Y/X)

[F{ X «GEs 040 ) RETURN
THETA:YFETA0SIGV(l.OoY)*Q.O*ATAN(l.O)
RE TN

THETAz240%ATAN(1.0)

IF( v oL Te N6l ) YHETA="THETA

RETI RN

FND
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